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ABSTRACT 

We present analysis of high-resolution spectra of a sample of stars in the globular cluster M5 (NGC 
5904). The sample includes stars from the red giant branch (seven stars), the red horizontal branch 
(two stars), and the asymptotic giant branch (eight stars), with effective temperatures ranging from 
4000 K to 6100 K. Spectra were obtained with the HIRES spectrometer on the Keck I telescope, 
with a wavelength coverage from 3700 A to 7950 A for the HB and AGB sample, and 5300 A to 
7600 A for the majority of the RGB sample. We find offsets of some abundance ratios between the 
AGB and the RGB branches. However, these discrepancies appear to be due to analysis effects, and 
indicate that caution must be exerted when directly comparing abundance ratios between different 
evolutionary branches. We find the expected signatures of pollution from material enriched in the 
products of the hot hydrogen burning cycles such as the CNO, Ne— Na, and Mg— Al cycles, but no 
significant differences within these signatures among the three stellar evolutionary branches especially 
when considering the analysis offsets. We are also able to measure an assortment of neutron-capture 
element abundances, from Sr to Th, in the cluster. We find that the neutron-capture signature for 
all stars is the same, and shows a predominately r-process origin. However, we also see evidence of a 
small but consistent extra s-process signature that is not tied to the light-element variations, pointing 
to a pre-enrichment of this material in the protocluster gas. 



1. INTRODUCTION 

Among globular clusters of the northern sky, M5 is 
one of the nearest, and the element abundance patterns 
among its member stars have received considerable at- 
tention. On the basis of its observed proper motion, M5 
actually appears to be an outer halo globular cluster on 
an eccentri c orbit with a larg e apogaiactic distance of 
~ 60 kpc (jScholz et al.l 119961 ) . It is one of the most 
metal-rich globular clusters of the outer Galactic halo, 
with [Fe/H] = -1.34 ± 0.09 (jCarretta et al.ll2009al) . 

M5 was one of the first globular clusters in which a 
sub-population of red giant branch (RGB) stars whose 
spectra exhibit enhanced A4 215 CN bands were discov- 
ered via DDO p hotometry (|Osbornl 11971 : Hcssc r et al.l 
119771: lPikdfl978h . The CN anomalie s in M5 have been , 
traced lower down the giant branch (jBrilev et al.lll992ft 
and to the base of the RGB (|Cohen et al.ll2002l ). Abun- 
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dance variations of O, Na, and Al also exist among the 
RGB stars (e.g. INorris fc Smith! [19831: llvans et alJ l2001: 
lYoner et al . 2008a.bl: ICarretta et al.l l2009d M . and inho- 
mogeneities in Na abundance have been traced from 
the tip of the RGB to the main sequence turnoff by 
iRamirez k. Cohenl (|2003f ). In all these respects, the abun- 
dance inhomogencitics found among RGB stars in M5 
appear to be typical of the broad patterns found in other 
globular clusters of the Milky Way (e.g, Carretta et al.l 
l200llGratton et alJl200lUBragaglia et al.ll2010ri and also 
the Local Group (|Mucciarelli et al.ll2009ft . 

However, abundance anomalies among the asymptotic 
giant branch (AGB) stars of globular clusters, including 
M5, have not been as well studied as those on the RGB. 
In color-magnitude diagrams (CMDs) of M5, the loci of 
the RGB an d AGB are relatively clearly separated (see, 
for example. | Simoda fc Tanikawalll970t iBuonanno et aLl 
119811: ISandauist et al.l 119961: ISandauist fc Boltd 12004). 
making it a part i cularly useful cluster for studying 
AGB stars. IZinnl (|1977t i classified a number of AGB 
stars as having very w eak G-bands, and subsequently 
Smit h fc Norrisl ([1993) found that a substantial frac- 
tion of AGB stars in M5 have enhanced CN band 
strengths. The presence of CN-strong stars on the 
AGB of various glo bular clusters has been revie wed by 
iSneden et all (|2000D and ICampbell et~aH (|2006t ). based 
o n the relatively s parse literature available. Table 1 
in ICampbell et al.l (|2006|) suggests that in clusters more 
metal-poor than M5 the AGB st ars tend to have weak 
CN bands. ICampbell et al. (2010) confirmed a relatively 
large population of both CN-weak and CN-strong stars 
on the AGB of M5. This cluster therefore offers an oppor- 
tunity for a more extensive study of N-Na-Mg-Al element 
enhancements on the AGB. 

Two general mechanisms have been proposed to ex- 
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plain these abundance patterns (e.g.. lKraftl [l994). The 
first is that the surfaces of these stars are polluted dur- 
ing the RGB phase by the interior products of proton- 
capture reactions which have been consequently mixed to 
the surface. The second is that the stars with high N, Na, 
and Al and low O and C are part of a second generation of 
stars, formed out of gas ejected by polluters in which hot 
H burning took place. The nature of the polluters is still 
debated, in cluding intermediate-mass A GB stars from 
-4-8 M Q (j Ventura fe D'Antonal 12009ft. fast-rot ating 
massive stars with 20-60 M (iDecressin et al.ll2007fl. an d 
massive binaries with ~ 20 M g (|de Mink et all 2009). 
The discovery that these abundance patterns continue to 
at least the main-sequence turnoff indicates that these 
must be second-generation stars with the abundance 
anomalies throughout the entire star. 

However, the surface abundances of some elements and 
isotopes are affect ed as stars go through the later phases 
of ev olution (e.g., iGratton et all 120001: iSmith fe Martelll 
2003). In addition to the first dredge- up on the low 
RGB, "deep mixing" or "extra mixing" on the up- 
per reaches of the RGB causes C and Li abundance 
drops, N increases, and 12 C/ 13 C ratio decreases which 
were not predicted in original stellar models. This re- 
quires an additional physical effect that has not been 
conclusively ident ified. Poss i bilitie s include magnetic 
buoy ancy (e.g. IBusso et al.l l2007t iDenissenkov et all 
2009) and mean molecular weight gradients which lead 
to "thermohaline" mixing (jEggleton et al.1 12006L 120081 : 
iCharbonnel fc Zahn 2007]). Part of the uncertainty lies 
in the efficie ncy of the mixing b y eithe r mechanism. 
For example, ICharbonnel fc Zahnl (|2007l) showed that 
thermohaline mixing could account for the abundance 
patterns on the RGB if the efficiency for mixing was 
high, but two-dimensional simulations by IDenissenkov! 
(2010) of thermohaline mixing found that the actual ef- 
ficiency was much small er, closer to the magnitude in 
iKippenhahn et al.l (|1980l ). 

There is also an ongoing debate about whether ex- 
tra mixing happens on the AGB. Models without AGB 
extra mixing may have difficulty explaining observa- 
tions of C/N and ^ 2 C/ 13 C ratios in AGB stars (e.g. 
Lambert et all 119861: ILebzelter et all 120081: iMilam et all 
20091) and O isot op e ratios in pre-solar grains (e.g, 
Hoppe et all 119971 ) . Karakas et"atl (|2010f ) argued that 
if extra mixing on the RGB was included in the models, 
then no extra mixing on the AGB was needed to explain 
the C/N and C and O isotope ratios dredged up to the 
surface and observed in st ars, at least at solar metal- 
licities. IBusso et al.l (|2010fl found, however, that extra 
mixing in AGB stars was necessary to match isotope ra- 
tios in pre-solar grains, along with the C isotope ratios 
in C(N) stars, even if extra-mixing was included on the 
first ascent RGB. However, the mechanism for this ex- 
tra mixing, like its counterpart on the RGB, is not yet 
known. 

If deep mixing can also occur in AGB stars, then there 
is the possibility of CNO abundance differences being 
produced between the RGB and AGB. Recently, stel- 
lar models have been evolved from the main-sequence to 
the thermally pulsing AGB that includes mechanisms for 
mixing and extra mixing to tra ce the evolution o f surface 
abundances in low-mass stars. IStancliffd ((20101) focused 
on low-metallicity stars. Thermohaline efficiency was 



adopted from iCharbon nel fc Zahnl (|2007t ) and is there- 
fore very high. They found that 3 He is not all depleted, 
so thermohaline mixing could persist on the AGB. In 
addition, on the early AGB, the deepening of the con- 
vective envelope changes slightly the surface Li and 3 He 
abundances and the C isotope ratios. 

In summary, theoretical work shows there are poten- 
tially interesting changes in the light elements resulting 
from mixing and extra mixing throughout the RGB and 
AGB. Observational evidence of the existence and size of 
these effects will constrain the mechanism of mixing and 
its efficiency. The AGB stars of M5 are cleanly separated 
from RGB stars, and the stars at the tip of the RGB 
provide a good reference for light-element abundances 
that may change on the AGB. In this paper we present 
measurements of light-element abundances for stars on 
both the RGB and AGB of M5 in an effort to determine 
whether there is any variation with stellar evolution. 

The star-to-star inhomogeneities in the light elements 
of M5, however, do not appear to extend to the heavy 
elements formed by neutron-capture processes. This sug- 
gests that their production is divorced from the nucle- 
osynthesis in the self-polluting cluster stars that made 
the second generation stars. The first in-depth s tudy of 
Ba, La, and Eu in M5 from llvans et all (|2001| ) found 
small internal scatter and good overall agreement with 
halo field s u bdwa rfs with similar [Fe/H]. Interestingly, 
llvans et al.l (I2001D noted that the abundances in M4 
(|Ivans et aljfl9 99) showed enhanced s-process contribu- 
tions from AGB sta rs that enri c hed th e natal gas of all 
stars in the cluster. lYong et aD (|2008b[ ) measured 27 el- 
ements heavier than Fe in two RGB stars in M5 and 12 
RGB stars in M4. In addit i on to confirming the differ- 
ences found by llvans et al.l (|200lD , they found that the 
abundance ratios could be explained by some s-process 
in M5 as well, though at a much smaller fraction than 
M4. 

No freshly s-processed material is expected to ap- 
pear on the surface of the present-day M5 AGB stars, 
because third dredge-up does not occur for stars with 
M < 1.5Mq. However, as is clear from the discus- 
sion of extra mixing, we do not fully understand the 
possible mixing events that can occur outside of the 
long-established dredge-up events, and the s-process el- 
ements for stars with a range of evolutionary states in 
M5 provide an opportuni ty to test models. For exam- 
ple, [MaiieroneFjil] (|2006|) suggest that the s-process en- 
hancements seen in the extremely metal-poor AGB star 
CS 30322-023 are the result of an unknown mixing pro- 
cess that has brought this just-produced material to the 
surface. In this study, we also explore the origin of the 
neutron-capture elements in M5, and if there are any 
signatures of an s-process contribution. 

2. OBSERVATION DETAILS 

The stars observed for our investigation were chosen to 
sample the RGB, the RHB, and the AGB of M5. Much 
of our sample is covered by the photometric study of 
iSandquist fc Boltel (|2004[ ). which shows a clear separa- 
tion of the RGB from the AGB in their CMDs. The selec- 
tion of targets was made so as to have a relatively broad 
coverage of each evolutionary branch up to the RGB tip 
luminosity, with a more uniform spread in the AGB to 
test for any subtle evolutionary effects that might occur. 
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Other than avoiding the most crowded central regions, 
no other selection was used in choosing targets. In Fig- 
ure Q] we plot our sample wit hin CMDs of M5 obtaine d 
from the BVI photometry of lSandquist fc Boltd <|2004f ). 

The observation details along with photometry are pre- 
sente d in Tabled] All of the p hotometry data are taken 
from lSandquist fc Boltel (120041). except for the RGB star 
1-65, which was taken from iBuonanno et al.l (|1981[ ). We 
have adop ted a naming conv e ntion based on the com- 
pilation of lSandquist fc Boltd ([2004), where each star is 
designated by either A, R, or H based on whether it is an 
AGB, RGB, or HB star, respectively. The number follow- 
ing is ba sed on the ordering in the respective photometry 
tables in lSandauist fc Boltd (|2004l ). However, one of the 
designated HB stars, HB13, seems to be better charac- 
terized as an AGB star (see Figure Q] and Tables |4] — [9]) . 
For added clarity, we add our own classifications t o the 
last co lumn of Table Q] along with designations from lArpI 
(|1955|) where available. 

Our spectra were obtained usi ng the HIRES sp ectro- 
graph on the Keck 1 telescope ()Vogt et al.l fl994). On 
2007 June 5— 7 we observed the AGB, HB, and part of 
our RGB sample with the recently upgraded detector 
focal plane, a setup that provided near continuous wave- 
length coverage between 3700 and 7950 A. The remainder 
of the RGB sample is from an earlier run on 2000 June 
6 with the original HIRES CCD, and therefore covers a 
more limited wavelength range of 5300-7600 A. 

3. STELLAR PARAMETERS AND ANALYSIS 
3.1. Reductions and Model Atmospheres 

We reduced our spectra using the MAKEE data reduc- 
tion packagfl Equivalent widths (EWs) were measured 
using the SPECTRE program (jFitzpatrick fc Snedenl 
Il987f) by fitting Gaussian profiles. For strong lines with 
extended wings, direct integration of the line profile was 
used to measure the EW. 

The line l ist w as ba sed partially on those us ed in 
llvans et al.1 (|2003t ) and iRamfrez fc Cohenl (|2003f ) and, 
when available, the gf values were updated with more 
recent measurements. Many additional lines, predomi- 
nantly in the blue region, were also included. We present 
EWs and atomic parameters with gf references in Table 
[2 In Figure [2] the meas ured EWs are compared with 
those of llvans et all (|2003| ) and lRanhrez fc Cohenl ()2003l ) 
respectively. There is one star overlapping with both 
studies, All (IV-59). In both cases we have on aver- 
age slightly smaller EWs, the consequences of which are 
discussed in Section |4~T1 

We adopted th e model atmospheres computed by 
iKirbv et al.1 (pool . These were built on the ATLAS9 
model atmospheres (!Kurucz | ll993fl. using updated opac- 
ity distribution functions (|Castelll [2005). In this grid 
of atmospheres we set to [a/FeJ= 0.3 in all cases based 
on pr evious studies (|Ivans et al.ll2001h IRamfrez fc Cohenl 
2003). In practice, the final abundance results are fairly 
insensitive to variations in the adopted [a/Fe] ratio of 
the model atmosphere. We then interpolated the atmo- 
spheres to the final T e g, log g, and [Fe/H] values. The 
derivation of the parameters is described in Section 13.21 
The current version of the local thermodynamic equi- 

9 http:/ /spider. ipac.caltech.edu/staff/tab/makcc/ 



libriu m (LTE) spectral analysis code MOOGPI (jSnedenl 
[19731) was then used for the EW and spectral synthesis 
abundance determinations. 

We accounted for hyperfine splitting (HFS) in the Sc II, 
V I, Mn I, Co I, and Cu I lines with the HFS param- 
eters give n by KurucJ^I. We used the HFS par ame- 
ters from McWilliam (1998), lLawler et all (|2001b[ ) and 
lLawler et al.l (|2001aD for the Ba II, Eu II and La II abun- 
dance determinations, respectively. The Th II abun- 
dance was determined from spectral synthesis of the 5989 
A transition with the gf value from Nilss on""et al.l (2002). 
Using the line parameters from iLucatello et al.l ( 2003) , 
the C abundance and 12 values were determined from 
spectral synthesis of the CH G-band regions near 4234 
and 4360 A, and N was determined from the CN band 
at 3880 A. 

3.2. Stellar Parameters 

We took a hybrid approach for deriving the stellar pa- 
rameters. The r o ff value for each star was spectroscopi- 
cally set by eliminating any abundance trend determined 
from individual Fe I lines with their excitation poten- 
tial (excluding lines with excitation potential ~ 0.0 eV). 
This, in practice, gives very good agreement to the T e g 
calculated wi th the B — V and V — K color-Tpff rela- 
tionship from IRamfrez fc Mclcndcz (2005), with K mag- 
nitudes from the Tw o Micron All Sky Survey (2MASS, 
iSkrutskie et~al1 l2006D. and reddening of E(B - V)= 0.03 
(|Harrislll996f ). The microturbulent velocity (v t ) was set 
in the usual manner by eliminating any trend of individ- 
ual Fe I line abundances with EW. 

For the log g determination we chose to use the known 
distance to M5 instead of ionization balance. This re- 
quires using additional information, specifically the dis- 
tance modulus, the stellar mass, and the bolometric 
correction (BC) fo r each star. We ado pt the distance 
modulus gi ven by iKraft fc Ivans! (pOOl ). and following 
llvans et al.l (|2001l) . assume a mass of 0.80 Mq for the 
RGB sample and 0.70 M© for our AGB and HB sample 
to account for expected mass loss. This value may be 
slightly high, at least wh en comparing to mass esti mates 
from RRc Lyr ae in M5. iClement fc Sheltonl (|1997| ) and 
iKaluznv etaD 1)20001 ) calculate average masses for their 
samples of RRc Lyrae stars at 0.58 and 0.54 M Q , respec- 
tively. However, assuming a mass of 0.60 Mq generally 
decreases the log g by approximately only 0.07 dex, and 
therefore has little affect on the abundance determina- 
tions. Given the small change to log q, we use th e 0.70 
M© value for consiste ncy with llvans et all (120 01). We 
then use the BCs from lHoudashelt et al.l (120001) Simila r 
to the techni que described i n Ramir ez fc Cohenl (|2003j) . 
the tables of Houdashclt et al. (2000) arc interpolated 
over [Fe/H], T e s, with a first guess value of log g to get 
an initial value of BC. This was then used to recalculate 
log g. The procedure was iterated until self-consistent 
values were obtained for both BC and log g. 

Our method of deriving log g using the known distance 
to M5 gives different values than the traditional spectro- 
scopic ionization balance technique (Figure El) . This i s 
discussed in great detail for M5 in llvans et al.1 (|200ir > . 

10 http:/ /verdi. as. utexas.edu/moog. html 

11 http:/ /kurucz. harvard.edu/linelists. html 
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and more generally for clusters in Kraft fe Ivansl (|2003[) . 
In short, the possibility of unaccounted for effects, e.g., 
non-LTE (NLTE ) effects, will most greatl y affect the neu- 
tral Fe I species (jThevenin fe Idiartill999h . Therefore the 
final adopted [Fe/H] for our model atmospheres is chosen 
to agree with the final derived [Fe II/H] value within 0.1 
dex, instead of the [Fe I/H] value. Our final atmospheric 
parameters are given in Table [3] The radial velocities of 
each star are also presented in Table [3l with the error on 
each measurement approximately 1 km s _1 (Grics t et al.l 
l2OT0h . 

Another important feature shown in Figure [3] is the 
offset between the Fe abundances derived for each evo- 
lutionary state. The AGB stars show consistently lower 
Fe I and Fe II abundances compared to the RGB stars. 
The RGB abundances are on average 0.16 dex higher 
in Fe I than for the AGB part of the sample . This is al- 
most t he same as the 0.15 dex offset found bv llvans et al.1 
(2001). We also find a similar offset i n the Fe II values 
of 0.13 dex in the same direction ([here llvans" eFall [20011 
find only a 0.06 dex difference). The two HB stars also 
show a large difference in their Fe I— Fe II values, along 
with an offset from the AGB and RGB stars. 

We take the suggestion of our referee, and explore if the 
variations in the number of Fe II lines used in each star 
has an effect on the offsets among the different evolution- 
ary branches. First we define a subset of Fe II lines that 
are generally present in the stars of the whole sample. 
This comes out to six lines, of which there is an average 
of ~ 5 measured per star. Interestingly, the AGB sample 
then gives on average a +0.04 dex offset in [Fe II/H] when 
using only these lines, while the HB sample is offset by 
+0.02 dex, and the RGB has no change on average. The 
difference in the line list could account for some of the off- 
set, but there remains an unexplained significant differ- 
ence in the values of [Fe II/H]. These differences seem to 
point to problems in our standard one-dimensional, LTE 
analysis when dealing with these evolved stars. The cau- 
tion most strongly applies to absolute abundances, and 
is minimized somewhat by considering abundance ratios. 
This is discussed further in Section 15.11 

3.3. Calculation of Abundance Errors 

We follo w the abundanc e-error analysis technique de- 
scribed in iJohnsonl (|2002f) . which includes the depen- 
dences among T e ff, log g, and vt- To estimate the com- 
ponent of the error arising from EW measurements and 
uncertainties in atomic parameters, we used the standard 
error based on the standard deviation of the abundances 
derived from multiple lines. For abundances with four or 
fewer individual line measurements, we assumed a con- 
servative 0.15 dex lower limit for the standard deviation. 

For the atmospheric parameters, we assume errors of 
100 K in T c ff, 0.2 dex in log g, and 0.2 km s _1 in v t . 
The T e flf and vt errors are motivated by the sensitivity 
of the Fe I line abundances. Changes of the order of 100 
K and 0.2 km s -1 and larger in T e g and Vt, begin to 
introduce large trends of Fe I with excitation potential 
and EW, resp ectively. For the log a err or, we follow the 
calculations of IRami'rez fe Cohenl (|2003[ ) . which combine 
uncertainty in distance, stellar mass, and T e ff, to arrive 
at the value of 0.2 dex. 

We then calculated the abundance errors due to atmo- 
spheric uncertainties using three representative stars, a 



low- T e ff star (to be used for stars with T e g < 4500 K), a 
moderate-Teg star (for the temperature range 4500 <T e g 
< 5000 K), and a high-T off star (for T off > 5000K, which 
applies only to the two hottest HB stars). These errors 
were then applied to each star in the T e g ranges noted 
above The final combined er rors are then ca lculated us- 
ing Equations (5) and (6) in IJohnsonl (|2002l) . 

4. RESULTS 

Our abundance results are summarized in Tables [4] — [9j 
In Table HU] we give the average values, the standard de- 
viation <7, and number of measurements for each abun- 
dance ratio for both the entire sample and for each evo- 
lutionary br anch. We take the so l ar p hotospheric abun- 
dances from lAnders fe Grevessi (|1989l ). but for Fe we 
use solar loge(Fe) = 7.52. We note that for recent com- 
pilations of the solar abu ndances (e.g., lAsplund et al.l 
120091 lLodders et al.l 120091 ) a three-dimensional analy- 
sis gi ves C, N, and O abundan ces appreciably different 
from lAnders fe Grevessd (JT989). However, because we 
are performing a one-dim ensional analysis, we use the 
lAnders fe Grevessi (|1989l ) results. The neutral species 
ratios are reported relative to Fe I and the ionized species 
ratios are reported relative to Fe II. All abundances re- 
ported without an ionization state are neutral, and are 
explicitly labeled as such when both neutral and ionized 
states are measured for a given element. 

The one exception to this is [O /Fe] . With their high ex- 
citation potentials, the abundance determined from the 
O triplet lines at 7770 A are taken relative to the Fe II 
abundance. The value determined from the forbidden O 
lines at 6300 and 6363 A are still expressed relative to 
Fe I. When lines from both sets of transitions are mea- 
sured, these relative values are combined to obtain the 
final [O/Fe] given in Table 2] Shown in Figure 2] are the 
[O /Fe] abundances derived from the triplet lines and the 
forbidden lines in the six stars where both sets of lines 
are measured. In these cases, we find good agreement be- 
tween both abundance ratio determinations when using 
this method. 

We also apply NLTE corrections for abundances deter- 
mined from the O triplet lines and the Na lines. These 
corrections were applied lin e by lin e by extrapolating the 
tables from iGratton et al.l (|1999l ) between EW, metal- 
licity, T e ff, and log g. It is im portant to not e that 
the NLTE corrections for Na from IGratton et al.l (|1999l ) 
can be in the opposite directi on from other studies (see 
the review by lAsplund! (|2005l) ). However, we adopt the 
IGratton et al.1 (|1999l ) study because of the ability to ex- 
trapolate the NLTE corrections over a wide range of 
EW, T e ff, and log g values, w hich is vital to this study. 
Since we consistently use the IGratton et al.l (|1999| ) cor- 
rections, this should leave the relative abundance trends 
in this study intact. However, this may lead to system- 
atic differences with other studie s that use different sets 
of NLTE corrections for Na fe.g..lBaumueller et al.|[l998t 
IMashonkinairaLll20M fShi et al.H200l ~ 

4.1. Comparison to Previous Studies 

We compare our atmospheric parameters and abun- 
da nce measurements f or the star All to those d e termi ned 
by llvans et al.l (|2001l) an d IRami'rez fe Cohenl (120031) in 
Table [TO The results of IRami'rez fe Cohenl (120031) are 
converted to be relative to the lAnders fe Grevessd (| 19891 ) 
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solar values to be consistent with our abundance ratios. 
The atmospheric values in the different studies are in 
good agreement. We find lower [Fe I/H] and [Fe II/H] 
values, which can at least be partially explained by our 
slightly smaller EW values. However, when we compare 
abundance ratios we find generally good agreement with 
these previous studies. The exceptions to this seem to 
be [Si/Fe], [Sc II/Fe], and [Cu/Fe]. 

To test the effects of the EW offsets we ran two sets 
of abundance determinations with our measured EWs 
increased by 7.92 and 2.62 m A, to match the o ffsets 
found between our stud y and llvans et all (|2001l ) and 
iRamlrez fe Cohenl ()2003l ) . respectively. In both cases all 
abundance ratios relative to Fe remained virtually un- 
changed. However, the [Fe I/H] an d [Fe II/H] abun- 
dances did experience shifts. For the llvans etaLl (|2001[ ) 
EW shift we calculate [Fe I/H]= -1.37 and [Fe II/H]= 
— 1.27, in excellent a greement with thei r values of —1.40 
and -1.25. For the IRarmrez fe Cohenl ([20031 ) EW shift 
we calculate [Fe I/H]= -1.51 and [Fe II/H]= -1.41, 
which within the errors is in agreement with their values 
of -1.40 and -1.35. 

The discrepancies still remain for [Si/Fe], [Sc II/Fe], 
and [Cu/Fe]. The differences in abundance ratios are 
unlikely to be due to atmospheric parameters given the 
good agreement between those adopted in the various 
studies and the insensitivity of abundance ratios to the 
corr espondingly small differences (see, for example, Table 
3 in llvans et aLll200l . 

One possibility lies in the different sets of lines and/or 
log gf values adopted here versus the previous studies. 
We test this by de riving abundances b ased o nly on lines 
that overlap with IRarmrez fe Cohenl (|2003|) along with 
their log gf values. We do not perform this same exercise 
with llvans et al.l (|2001| ) because ther e are only 32 over- 
lappi ng lines (versus 236 lines from IRarmrez fe Cohenl 
2003), making the comparison less useful. The only sig- 
nificant deviation comes in the [Cr I/Fe] abundance ratio, 
which we find to be 0.24 dex higher when using only over- 
lapping lines. This is not due t o log g f values, as we hay e 
adopted the same values from IRarmrez fe Coh en (2003). 
The difference comes in the small number of overlap lines 
in Cr I, only three in this case as compared to the 24 lines 
we use in the final analysis of this star. These three lines 
give a relatively large scatter using either set of EWs. 
With the exception of [Cr I/Fe], however, the abundance 
results that can be measured with this overlapping subset 
of lines remain the same within errors. 

To test the effect of using different atmosphere models, 
we ran an abundance analysis on our All data using a 
MARC S model atmosphere wi th an alpha enhancement 
of 0.4 (jGustafsson et al.l l2008h . The results of this ex- 
ercise are also presented in Table 1111 The only atmo- 
spheric parameter that needed an adjustment was v t . 
Overall there is little change between the abundances 
derived from our adopted atmosphere or the MARCS 
model atmosphere, with any of the differences well within 
the errors. The lower [Fe I/H] and [Fe II/H] values re- 
main, and the [Si/Fe], [Sc II/Fe], and [Cu/Fe] values 
also remain very similar. Thus the sources of the dif- 
ferences in these three particular [X /Fe] ratios b e tween 
the present work and t he st udies of llvans et al.l (|200lD 
and IRarmrez fe Cohenl (|200l remain unidentified. 



5. DISCUSSION 

5.1. Abundance Comparisons 

If there are no systematic errors in our analysis and if 
no changes in the surface abundances with evolutionary 
phase, then we should see the same patterns when we 
compare the RGB, HB and AGBs and when we compare 
our results with the literature values. However, there are 
several cautionary points that need to be made before 
such comparisons are attempted. 

5.1.1. Absolute Abundances 

As can be seen in Figure [3l there are some difficul- 
ties in interpreting certain absolute abundances from our 
analysis. Most notably, the Fe abundance appea rs to 
change with evolutionary state. iKorn et"aTI (2007) find 
that atomic diffusion could operate on unevolved stars 
near the turnoff and hence modify the surface abundance 
of elements such as iron. However, when looking at stars 
evolved past the lower RGB, this mechanism only seems 
to aff ect hotter BHB stars (T cS > 8500K, e.g.. lBehr et~aTI 
2000). For our sample of cooler and evolved stars no in- 
ternal processes are known to modify the surface iron 
abundance of globular cluster stars, which leads us to 
suggest that the trend in Figure [3] is artificial. Thus, 
comparisons between the absolute abundances of other 
elements between the RGB, AGB, and HB stars may also 
contain unaccounted for systematic effects. 

There are some ways to minimize this problem. One 
method, when available, is to compare abundance val- 
ues that are less prone to effects that potentially have 
significant repercussions on the analysis, such as three- 
dimensional atmosphere an d NLTE effects fe.g.. lAsplundl 
120051 : lAsplund et all 120091 ) . For example, in Figure El 
[Fe II/H] shows a far more consistent value than [Fe I/H]. 
This is probably because in the stellar conditions of the 
stars we are analyzing [Fe II/H] is the majority species, 
and therefore less prone to showing NLTE effects that we 
cannot account for. Another approach to the problem is 
to use pre-determined corrections for NLTE, as we have 
done for O and Na. 

These concerns raise the issue of how to best com- 
pare the metallicity derived here for M5 to results of 
previous studies. Given that the majority of stars in 
prior studies are not evolved past the RGB phase, the 
most meaningful comparison may be to only consider 
RGB stars in our sample (note, though, that the di- 
rect star-to-star comparison discussed in Section 14.11 is 
for an AGB star). We also recommend only compar- 
ing [Fe II/H] abundances instead of [Fe I/H] for the rea- 
sons given above. As reported in Table QUI we find for 
our RGB sample an average [Fe II/H]= —1.33. This 
compares well to recent hi gh-resolution studies givin g 
[Fe II / HI values of -1.27 iKoch fe McWilliaml |20H 
-1.3 2 (jCarretta et al.ll2009bf), -1-33 (|Rarmrez fe Cohenl 
I2003D . and -1.20 (jlvans et al.l 120011 ). All of these val- 



ues have been scaled to our adopted solar abundance of 
loge(Fe) = 7.52, and only include stars that have not 
evolved past the RGB. 

5.1.2. Abundance ratios 

To minimize the effects of absolute abundance offsets, 
we now limit our discussion to comparisons of abundance 
ratios, and discuss element abundances relative to either 
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Fe I or Fe II. This assumes that the same NLTE, three- 
dimensional, and other issues affect the abundance de- 
terminations of individual elements in a similar manner. 
However, this still leaves some uncertainty, as illustrated 
in Figures[5j[HJ and[7] For the abundance ratio of [Ca/Fe] 
shown in Figure [SJ we find an offset depending on a stars 
evolutionary state. An offset is even more apparent for 
[V/Fe], shown in Figure [6j In the case of [Mg/Fe], an 
abundance ratio that has been shown to vary in globu- 
lar clusters, Figure [7] shows that our values are consis- 
tent within the errors with a constant value across all 
observ ed stars (and also consistent with ICarretta et al.l 
2009b who found no Mg variation in a sample of 14 M5 
RGB stars). 

The abundances of Ca and V, like Fe, can only be 
modified by previous stellar generations via supernovae 
ejecta, and therefore should not vary as a star evolves. 
While Mg can be modified by the Mg— Al cycle, the di- 
rect evidence of this is generally difficult to detect given 
the large absolute amount of Mg in a star relative to the 
absolute amount of Al present. This makes any potential 
systematic errors in the [Mg/Fe] ratio easily able to mask 
true signs of variation. For [Ca/Fe] and [V/Fe], which we 
expect should be constant, it seems that there are sys- 
tematic errors that give the appearance of abundance dif- 
ferences between AGB and RGB stars. The offset is 0.15 
dex in the case of [V/Fe]. This is the largest abundance 
offset between the AGB and RGB for elements heavier 
than Al and with greater than one measurement on each 
branch (see Table ITOf . We can take this as a conserva- 
tive lower limit to our true abundance ratio uncertainty 
when comparing stars from different evolutionary states. 
A possible method to reduce these effects is to use the 
differential a nalysis as described in iKoch fe McWilliaml 
(2008; 12010ft . However the wide range of effective tem- 
peratures in our sample would both make this type of 
analysis impractical and still make star-to-star compar- 
isons problematic. 

The potential for such systematic effects has ramifi- 
cations beyond comparing the different stellar evolution 
branches of M5. A recent example comes from efforts to 
ascertain whether Ca varies within globular clusters, and 
the implications for the origin of light el e ment variations 
found i n these systems (|Lee et al.N2009D . ICarretta et al.l 
(|2010aft find from their large sample of globular cluster 
red giant stars that Ca does not vary significantly in a 
given cluster. M5 has a fairly cleanly separated AGB, un- 
like some other globula r clusters. Therefore, even though 
ICarretta et al.l (|2009af) show that AGB star contamina- 
tion is low in their sample, any AGB contamination could 
artificially inflate star-to-star Ca variations. This effect 
would tend in the direction of making their findings of 
already low Ca variations an upper limit. 

5.2. Abundance Inhomogeneities among the Lighter 
Elements Li through Mg 

Given the caveats above, we do find true abundance 
variations in the lighter elements of C through Al among 
the stars in our M5 sample. Interesting changes in C, 
N, Li and the C isotopes may potentially occur between 
the tip of the RGB and the onset of the thermally puls- 
ing AGB depending on (1) the existence and strength 
of extra mixing and (2) the depth from which any of 
the material with O— Na— Al abundance anomalies orig- 



inates. Detecting these changes in M5 is complicated by 
the dispersion in these abundances for stars in all evo- 
lutionary states. In the following sections, we explore if 
there is evidence for any additional mixing or changes 
on the AGB branch that manifest themselves in surface 
abundances, and how our sample fits into the context of 
previous studies of M5. 

5.2.1. C, N, O and 12 C/ 13 C among the Different Branches 

The light elements C, N, and O show variations that 
do not seem to be correlated with either evolution along 
a particular evolutionary branch (for which surface grav- 
ity is a proxy) or among different evolutionary branches 
as a whole (Figure [8} . Thus we do not see any evidence 
for additional mixing within AGB stars compared to the 
upper RGB stars in our sample. The HB stars have the 
highest measured [O/Fe] abundances, but given the dif- 
ferences in effective temperature, and to a lesser extent 
surface gravity, between the HB stars and those of the 
RGB and AGB, a claim of a truly intrinsic [O/Fe] en- 
hancement in the HB stars is not made here. 

Perhaps a more definitive test for evolutionary differ- 
ences between AGB and RGB stars is provided by the 
measurement of the 12 C/ 13 C ratio, which is less sensitive 
to model atmosphere uncertainties. This ratio can be al- 
tered by the CNO cycle of H-burning reactions. In Figure 
[8]the 12 C/ 13 C ratio is also plotted versus surface gravity 
for the AGB stars and the two RGB stars for which it 
could be measured. The values are all consistent within 
the errors to be around 5.5, close to the CNO cycle equi- 
librium value of 3.5. There is no difference between the 
RGB and the AGB stars, and no change with AGB evo- 
lution. In particular, the low C isotope ratios measured 
here are c onsistent with v a lues fo und for three red giants 
in M5 by Pavlenko et al. (2003), as well as with values 
found on the upper RGBs of other globular clusters and 
in halo field re d giants (e.g..lBrown fe Wallersteinlll989l: 
Gratton et all J2000t iKeller et al.l 120011: iPavlenko et all 
2003HShetronei 120031 : [Recio-Bla nco fe de Lavernyil2007l] i. 

In the context of the AGB models of lStancliffd (|2010f ). 
we do not see any drop in the 12 C/ 13 C going up the AGB 
as might be expected from the thermohaline mixing as- 
sumed in their models. However, AGB stars in M5 are 
at a higher metallicity and are slightly lower ma ss than 
the most appropriate model of Stancliffe (2010), so an 
exact comparison cannot be done. Also, it appears that 
the AGB stars of M5 start with a much lower 12 C/ 13 C 
ratio than their models, which could make surface mod- 
ifications to this ratio difficult to detect. 

5.2.2. Evidence of the CNO cycle 

With only two RGB stars with [C/Fe] and [N/Fe] mea- 
surements, along with possible systematic differences in 
atmospheres between RGB and AGB stars, we generally 
limit the comparison of the CNO behavior within the 
sample of AGB stars. The C— O correlation and C— N 
anticorrelation expected from varying degrees of CNO 
cycling of material appear to be present (Figure [S])- The 
scatter in the N versus O plot is large enough to preclude 
any conclusions as to the presence of an N— O anticorre- 
lation. 

We also see constant C+N+O in our sample, consis- 
tent with the material in these stars having undergone 
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CNO cycling in the first generation of stars, in early RGB 
phases, or both. In Figure [TOl we show that the com- 
bined [C+N+O/Fe] ratio depends on neither evolution 
nor other light-element variations. Combined with the 
lack of correlation of C, N, O, and 12 C/ 13 C with evolu- 
tionary state, this is an indication that while the CNO 
cycling of material occurred, we do not find evidence for 
extra mixing having occurred between the RGB tip and 
the TP— AGB phase of M5 in any appreciable manner. 

These results for the AGB are analogou s to th ose found 
on the su bgiant branch bv | Cphen et al.l (l2002f) and the 
RGB by ISneden et all (|1992ft and llvans et al.l (pOOlh . 
The presence of N-enhanced stars extending from the 
subgiant branch to the AGB implies that they contain 
material that has been processed through the CNO cycle 
of hydrogen burning prior to their formation. 

5.2.3. [C/Fe] and [N/Fe] as Compared to Previous Studies 

The wavelength coverage for the majority of the RGB 
sample precluded measurement of [C/Fe]; however, we 
find the average [C/Fe] of the two RGB stars we could 
measure, R9 and R21, is found to be —0.25 dex. Pre- 
vious studies of [C/Fe] in M5 have found values on 
the order o f 0.2—0.4 dex lowe r, alb eit using different 
techniques (|Langer et al.l 119851 and iSmith et al.l 119971 
from low-resolution s pectroscopy of the G band, and by 
iPavlenko et~aTll2003l from the 2.3 [im CO bands). 

We can further compare our entire sample of [C/Fe] 
and [N/Fe] measurements to p revious studie s of M 5. In 
particular, we use the work of lCohen et all (pool , be- 
cause of their large sample size. In Figure [TT1 we compare 
the distributions of [C/Fe], [N/Fe], and [C/N]. Our sam- 
ple is more [C/Fe]- enhanced and sligh tly [N/Fe] deficient 
relative to that of iCohen et al.1 <|2002f ) . This translates 
to an enhancement of [C/N] in our sampl e. If anything, 
because the stars from ICohen et all (|2002t ) fall below the 
RGB bump, one would expect from deep mixing that 
our sample would have lower [C/Fe] and higher [N/Fe] 
distributions. 

One possible explanation for these discrepancies is sys- 
tematic offsets of CNO abundance ratios between the 
two giant branches as discussed in Section 15.1.11 How- 
ever, except for [N/Fe], the RGB sample shows similar 
distribution of values in [C /Fe] and [O /Fe] as the AGB 
sample. Another possible explanation is a systematic dif- 
ference between our high-resolution abundance analysis 
a nd previous work usi ng CH and CN indices such as done 
in ICohen et"aTl 1)20021 ) . 

Although systematic errors cannot be ruled out, one 
intriguing possibil ity is that this discre pancy is related 
to the finding of iCampbell et all (|2010l ) that there is a 
relatively large number of CN-weak stars on the AGB of 
M5 relative to th e CN-w eak stars on the RGB. Given 
that ICohen et all ()2002h is a study of subgiant stars, 
and our sample is predominately AGB stars, our higher 
peaked [C/N] d i stribu tion would be expected from the 
ICampbell et al.l (|2010f) result. Physically, this may be re- 
lated to high-N stars on the RGB having increased mass- 
loss rates. This leads these stars to evolve to the bluer 
end of the HB, and possibly never making it to the AGB 
(|Norris et al.l HMD: [Campbell et alJlmof) . 

5.2.4. Li 



We are only able to measure Li in three of our stars, 
using spectral synthesis of the A6708 Li resonance dou- 
blet. In the red giants R394, 1-65, and R431, which 
sit right at the RGB bump at V = 14.99, we find 
loge(Li) = 0.76, 0.73, and 0.96. For all other stars in 
our sample, Li could not be detected and we find upper 
limits of loge(Li) < 0. The se loge(Li) values are interme- 
diate to the values found bv lGratton et al.l (|2000[) for field 
RGB stars of similar metallicities below the RGB bump 
(loge(Li) ~ 1.15) and above it (loge(Li) < 0). They are 
also consistent with th e loge(Li) values found on t he RGB 
bump of M4 found bv lD'Orazi fe Marino! (pOll . 

These measurements support the notion that deep mix- 
ing is performing as expected from these previous studies 
on the RGB of M5. Unfortunately, because we have only 
three stars at the RGB bump, we cannot comment on the 
potential difference in the evo lution of loge(Li) va l ue for 
Na-rich and Na-poor stars as iD'Orazi fe Marinol (j2010f ) 
find in M4. However, our consistent finding with the field 
and M4 suggests M5 as being a promising cluster for a 
similar study. 

5.2.5. Na, Al, and Mg 

The C, N, O, and Na abundances show the expected 
(anti)correlations if the CNO cycle took place in the same 
location as the Ne— Na cycle (Figure [T^]). In the same 
figure we also show the C, N, and O abundances as a 
function of [Al/Fe]. Similar correlations as with [Na/Fe] 
are indicative of the Mg— Al cycle, which we discuss more 
below. In Figure [TBI both [Na/Fe] and [Al/Fe] show no 
trends with evolution, as would be expected in the self- 
pollution scenario. 

An Mg— Al anticorrelation, however, arising from the 
Mg— Al cycle is uncertain. In Figure HH the variation in 
Mg is primarily driven by two points and within errors is 
consistent wit h having no anticorrela tion, agreeing with 
the findings of lCarretta et al.l ((2009b) . Given the discus- 
sion in Section 5.1.1, this is hardly surprising. However, 
a strong correlation in Na— Al is clearly present in Fig- 
ure [TJJ Taken with the behavior of the CNO abundances 
with [Al/Fe] shown in Figure [12J this strongly suggests 
the presence of the Mg— Al cycle. 

In Figure[T5]we show how our Na— Al correlation com- 
pa res to the previous M5 studies of RGB and AGB stars 
in llvans et al.l (|2001l) and RGB stars in iCarretta et al.l 
(20093T 

The offset between the correlation found from 
our da ta (plotted as a solid line inflSjl and the llvans et al.l 
(|2001[ ) values is almost exactly accounted for by differ- 
ent gf values adopted in our Al abundance determina- 
tions. We updated the Al gf values used by llvans et all 
(2001) for the A6696 and A6699 transitions to current 
values given b y NIST, which a re very similar to the gf 
values used in ICarretta et al.l ()2009d) . With the offset 
accounted for, the trend we find matches both of the 
previous studies very well. 

Given the correlations described above, it is likely that 
the CNO, Ne— Na, and Mg— Al cycles operated in a com- 
mon site that has influenced the abundances of some frac- 
tion of M5 stars. Our data cannot discern between self- 
pollution of the observed M5 stars via deep mixing, or a 
primordial scenario giving rise to these observational sig- 
na tures. However, th e stu dies of unevolved stars in M5 
bv lCohen etahl (|2002T ) and lRami'rez fe Cohenl (|200l find 
that these relationships exist in earlier stellar evolution- 



ary branches in M5. With our match to previous work on 
the Na-Al correlation, we are consistent with the picture 
of multiple generations of stars giving rise to heteroge- 
neous self-enrichment of the light elements in globular 
cl usters, a scenario that was in troduced in an early form 
by iCottrell fc Da Costal (|1981l ) , and which has been dis- 
cussed and expanded upon in a number of p apers, such 
as the recent work by iCarretta et al.l (|2010bf) . 

5.3. The Neutron-capture Signature 

We are able to measure many neutron-capture tran- 
sitions in our spectra. This provides an opportunity to 
better understand the nucleosynthetic footprint of the 
neutron-capture processes that have occurred in the stars 
of M5. Coupled with the sample selection of AGB stars, 
we can also check for any early onset of s-process dredge- 
up. 

In Figure I16| we plot all of our measured neutron- 
capture element abundances and compare them to the 
scaled solar system r-process pattern. The abundances 
match the scaled solar system r-process pattern fairly 
well, and there is also a very small star-to-star scatter 
in each abundance. For example, if we take [Eu/Fe], an 
element almost entirely synthesized in the r-process, we 
find an average value of [Eu/Fe]=0.44± 0.02 [a = 0.09). 
This a verage value agree s very well with the larger sam- 
ple of llvans et all (|200lD . but we find an even smaller 
scatter than that study. The lack of star-to-star scatter 
also falls in line wit h most other globul ar clusters, unlike 
in the case of M15 (jSneden et alJll997f ). 

To attempt to take out the effect of even this small star- 
to-star scatter, we compare our neutron-capture abun- 
dances relative to Eu in Figure |T7j For all of these 
abundance ratios, the values are virtually identical for 
all stars and show no difference with evolutionary state. 
As shown in Figure [TT1 these abundance ratios match 
the solar system r-process very well, and show no signs 
of varying with evolution. There are some offsets, with 
the most noticeable exceptions being Zr and Ba. We con- 
clude that a large majority of all of the neutron-capture 
elements in M5 were synthesized in the r-process. Figure 
[TBI shows how this can be contrasted with the globular 
cluster M4, which exhibits significant s-process contri- 
butions to its neutron-capture elemen ts, even though it 
is roughly the sam e metallicity as M5 (jlvans et al.lll999t 
lYong et al.ll2008al) . 

5.3.1. Age 

In Figures [TH] and [T71 Th is low relative to the solar- 
system r-process value, as expected because it is radioac- 
tively unstable. This phenomenon allows us to date 
the stars in our sample based on their loge(Th/Eu) 
values because Eu is a stable r-process e l ement (e.g., 
Westin et al.l l2000t iJohnson fc Boltl 120011: llvans et al.l 



2006: lFrebel"eTaLl 120071) . Using an initi al r-process 
produ ction ratio of loge(Th/Eu) = —0.28 (|Kratz et al.l 
I2007T) . we determine an average age of 12.8 Gyr (a = 2.1 
Gyr) for the four stars with a (Th/Eu) abundance ratio 
measurement. 

We find Th abun dances lower than those reported by 
lYong et"al1 (|2008al) for a different M5 sample. Using 
their loge(Th/Eu) values, we determine an average clus- 
ter age of only 4.2 Gyr. Deriving ages from a (Th/Eu) 



ratio can be problematic, however, as this ratio can some- 
times be elevated i n r-process-enha nced metal-poor stars 
(e.g., Figure 24 in lLai et "all 120081) . An abundance vari- 
ation in log e (Th/Eu) in M5, though unlikely, may be 
one reason for this difference. Another possible cause for 
the difference could be in the adopted linelist. However, 
we use the same q f value for the 5989 A Th II line as 
Yong et al. (2008a), and it is a fairly isolated line. It is 
possible there are unident i fied fe atures that could affect 
the synthesis, lAoki et ail (|2007f ) point out a Nd II line 
in this region. Including this line, though, did not affect 
our results. 

Our age determination of 12.8 Gyrs is about 1-3 Gyrs 
older than ot her estimates for the ag e of M5 based on 
CMD fitting (Mcissncr & Weiss 2006). However, given 
the caveats of using Th as an age indicator, and using 
a = 2.1 Gyr as an estimate of our error, the Th age 
result is in reasonable agreement with these independent 
measurements. 

5.3.2. Signs of the s-process 

The heightened [Zr/Eu] and [Ba/Eu] ratios seen in our 
analysis may indicate an additional nucleosynthetic con- 
tribution from the s-process to the stars in M5. For Zr, 
a partial explanation of our results may come from com- 
paring the abundances derived from the ionized species 
versus those from the neutral species (Table [7]) . For the 
three stars where both are measured, the neutral state 
gives an abundance ratio approximately 0.3 dex lower 
than the ionized state. This may indicate some sys- 
tematic abundance analysis problems with Zr (e.g., as 
discussed in Section 15.11) . Furthermore, interpreting the 
light neutron-capture elements including Zr (also Sr, Y, 
and Mo) is complicated by the possibility that they can 
have other nucleosy nthetic contribution s in addition to 
the main s-pro cess (ISneden et al.ll2008fl . including the 
weak s-pr ocess dPignatari et al. I2010D . charged particle 
reactions dQian fc Wasserburd2008TT~a nd a light-element 
primary process ([Travaglio et al.ll2004l) . 

However, the high measured [Zr/Eu] and [Ba/Eu] 
abundance rati os would fit the fin dings of an s-process 
contribution in lYong et al.l (2008a. b) for their sample of 
two M5 RGB stars. In Figure [T71 the nearly constant 
[Ba/Eu] and [La/Eu] over all evolutionary states indicate 
that this is not from an early onset of s-process material 
being dredged up in these AGB stars. Closer inspection 
of Figure [17] does show an intriguing trend where some 
of the elements are slightly elevated relative to the r- 
process-only line, although at lesser degrees than Zr and 
Ba. 

We explore this in more detail in Table [12] where we 
present the average [X/Eu] abundance ratios of our sam- 
ple along with the solar system r-process [X/Eu] ratio 
and percentage contributio n to the solar syste m abun- 
dance from the r-process (|Simmerer et al.ll2004l) . All el- 
ements that can have a significant contribution from the 
s-process (> 70% in the solar system: Sr, Zr, Ba, La, and 
Ce, with the light-neutron capture elements Y and Mo 
being the only exceptions) are elevated in their [X/Eu] 
abundance ratio in M5 relative to the solar-system r- 
process [X/Eu]. On the other hand, the elements that 
can have a significant contribution from the r-process 
(> 30% in the solar system) fall almost exactly on the 
solar system r-process [X/Eu] value in M5 (Pr, Nd, Sm, 
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and Dy). 

While clearly not s-process-dominated like the globu- 
lar cluster M4, our derived abundances are an indication 
that there was some s-process material produced by an 
early generation of stars that contributed to the heavy 
element content of M5. These stars may have either 
formed within M5 and caused cluster self-enrichment, or 
formed before M5 and pre-enriched the gas that even- 
tually became incorporated into its protocluster. While 
the overall scatter in each neutron-capture element abun- 
dance ratio relative to Eu is very low, we can test if 
this low scatter is tied to the light-element abundance 
variations. Figure [TS] reproduces Figure [T71 but with 
[X/Eu] versus [Na/Fe]. It is clear from this plot that 
there is no correlation of [X/Eu] with [Na/Fe] . Combined 
with the uniformity of the neutron-capture signature in 
the sample, this suggests that the s-process enhance- 
ments came from the pro tocluster gas , and no t from clus- 
ter self-enrichment. As lYong et ail (|2008b|) point out, 
intermediate-mass AGB (IM-AGB) stars (in the mass 
range that experiences ho t bottom burning) wi ll produce 
very little to no s-process (jLattanzio et alJl2004[ ) , making 
it possible that they polluted the protocluster gas. 

The sensitivity of the main s-process production to 
AGB-star mass could be linked to the existence of a 
smaller amount of s-process material in M5 compared 
to M4. In the M5 protocluster the mass function of 
pre-enriching AGB stars may not have extended to as 
low a mass as for the M4 protocluster, with the conse- 
quence that s-processing from AGB stars did not con- 
tribute as much to M5 as to M4. Such a circumstance 
might correlate with M5 being an outer halo globular 
cluster, while M4 has Galactic thick-disk-like kinemat- 
ics. If M5 formed at an earlier time in Galactic his- 
tory than M4, then less of a contribution could have 
been made to its element enrichment by the lowest mass 
IM— AGB stars. Alternatively, M5 may have formed in 
an s-process-poor dwarf "galaxy" ' that was acquired into 
the Galactic halo at a very early time in Galactic history, 
whereas M4 formed from the more chemically evolved 
proto-thick-disk. How common [s-process/Fe] variations 
are, and the level to which they are present in other r- 
process-dominated clusters, would provide an important 
observational constraint to such scenarios. 

The important caveat to this interpretation are the po- 
tential systematic offsets that may affect our abundance 
ratios as discussed in Section |5~T1 There is a slight trend 
with log g in the [Y/Eu] and [Ba/Eu] abundance. The 
level of the trends, however, does not affect the above in- 
terpretation. Also, at least when comparing our neutron- 
capture abundances relative to Eu, there appears to be 
no offsets between stars of different stellar evolutionary 
stages in our investigation. We could, however, assume 
that the 0.15 dex offset found in our [V/Fe] measure- 
ments also uniformly affects all of our [X/Eu] determi- 
nations. A decrease in the average [La/Eu] and [Ce/Eu] 
ratios by this amount would allow these elements to be 
attributed to a pure r-process. However, it would still 
be necessary to explain the excess [Ba/Eu] values, and 
we would have to assume that none of the other neutron- 
capture [X/Eu] values are affected by this offset in a sim- 
ilar way. 

6. CONCLUSIONS 



We have performed detailed abundance analyses for a 
sample of evolved stars in the globular cluster M5, cov- 
ering the RGB, RHB, and AGB branches of the CMD. 
Our conclusions can be broken into three parts. 

The first is a cautionary note. It appears that there 
can be systematic abundance offsets induced when ana- 
lyzing stars on the different evolutionary branches using 
standard onedimensional LTE abundance analysis and 
atmospheres. This can manifest itself not only in ab- 
solute abundances, but more worryingly in abundance 
ratios such as [Ca/Fe]. The largest offset found was in 
[V/Fe], with a 0.15 dex difference between the AGB ver- 
sus RGB stars. This puts a limit on how well abundances 
among the different evolutionary branches of M5 can be 
compared. 

The second conclusion is that our sample clearly shows 
the signatures of star-to-star abundance differences re- 
lated to the CNO, Ne— Na, and Mg— Al nuclear reaction 
cycles, and that there are no discernible differences in 
these element patterns with stellar evolution phase. This 
agrees with theoretical predictions that self-pollution and 
mixing within present-day globular cluster stars will not 
begin until the thermal pulsation phase of the AGB. Tak- 
in g this into context with th e M5 turn-off stars analyzed 
in iRarmrez fc Cohen! (120031 ) . the (N-,Na-,Al)-rich clus- 
ter stars are present throughout all post-main-sequence 
phases of evolution. This is consistent with such stars 
having acquired their surface element enhancements from 
external sources, and not from the outwards transport of 
material processed through H-burning reactions within 
their interiors. 

The third conclusion is that we find the neutron- 
capture abundances of M5 to be r-process dominated, 
but with what we interpret as a small uniform addition 
of s-process material. This neutron-capture signature is 
constant through all stars in our sample, depending on 
neither evolution nor the light-element variations. This 
suggests that low-mass AGB stars contributed heavy el- 
ements to the primordial cluster environment. However, 
the lack of correlation with the light-element variations 
also seems to preclude low-mass AGB stars from having 
much of a contribution once star formation had begun. 

D.K.L acknowledges the support of the National Sci- 
ence Foundation through the NSF Astronomy and As- 
trophysics Postdoctoral Fellowship under award AST- 
0802292. 

G.H.S. acknowledges support from NSF grant AST- 
0406988. M. B. and J. A. J. acknowledges support 
from NSF grant AST-0607770 and AST-0607482. S.L. 
is grateful to the DFG cluster of excellence "Origin and 
Structure of the Universe" for partial support. We thank 
the anonymous referee whose careful reading and sugges- 
tions helped improve the paper. 

Facility: Keck:I (HIRES) 

REFERENCES 

Aldenius, M., Tanner, J. D., Johansson, S., Lundberg, H., &; 

Ryan, S. G. 2007, A&A, 461, 767 
Anders, E., & Grevesse, N. 1989, Geochim. Cosmochim. Acta, 53, 

197 

Aoki, W., Honda, S., Sadakane, K., & Arimoto, N. 2007, PASJ, 
59, L15 



10 



Arlandini, C, Kappeler, F., Wisshak, K., Gallino, R., Lugaro, M., 

Busso, M., & Stranicro, O. 1999, ApJ, 525, 886 
Arp, H. C. 1955, AJ, 60, 317 
Asplund, M. 2005, ARA&A, 43, 481 

Asplund, M., Grevesse, N., Sauval, A. J., & Scott, P. 2009, 

ARA&A, 47, 481 
Baumueller, D., Butler, K., & Gehren, T. 1998, A&A, 338, 637 
Baumueller, D., & Gehren, T. 1997, A&A, 325, 1088 
Bchr, B. B., Cohen, J. G., & McCarthy, J. K. 2000, ApJ, 531, L37 
Bragaglia, A., et al. 2010, ApJ, 720, L41 

Briley, M. M., Smith, G. H., Bell, R. A., Oke, J. B., & Hesser, 

J. E. 1992, ApJ, 387, 612 
Brown, J. A., & Wallcrstein, G. 1989, AJ, 98, 1643 
Buonanno, R., Corsi, C. E., & Fusi Pecci, F. 1981, MNRAS, 196, 

435 

Busso, M., Palmerini, S., Maiorca, E., Cristallo, S., Straniero, O., 

Abia, C, Gallino, R., & La Cognata, M. 2010, ApJ, 717, L47 
Busso, M., Wasserburg, G. J., Nollett, K. M., & Calandra, A. 

2007, ApJ, 671, 802 
Campbell, S. W., Lattanzio, J. C, & Elliott, L. M. 2006, 

Memorie dclla Societa Astronomica Italiana, 77, 864 
Campbell, S. W., Yong, D., Wylie-de Boer, E. C, Stancliffc, 

R. J., Lattanzio, J. C, Angclou, G. C, Grundahl, F., & 

Sncdcn, C. 2010, ArXiv c-prints 
Carretta, E., Bragaglia, A., Gratton, R., D'Orazi, V., & 

Lucatcllo, S. 2009a, A&A, 508, 695 
Carretta, E., Bragaglia, A., Gratton, R., & Lucatcllo, S. 2009b, 

A&A, 505, 139 

Carretta, E., Bragaglia, A., Gratton, R., Lucatello, S., Bellazzini, 

M., & D'Orazi, V. 2010a, ApJ, 712, L21 
Carretta, E., et al. 2009c, A&A, 505, 117 

Carretta, E., Bragaglia, A., Gratton, R. G., Recio-Blanco, A., 
Lucatcllo, S., D'Orazi, V., & Cassisi, S. 2010b, A&A, 516, 
A55+ 

Carretta, E., Gratton, R. G., Bragaglia, A., Bonifacio, P., & 

Pasquini, L. 2004, A&A, 416, 925 
Castclli, F. 2005, Memorie della Societa Astronomica Italiana 

Supplement, 8, 34 
Charbonnel, C, & Zahn, J. 2007, A&A, 467, L15 
Clement, C. M., & Shelton, I. 1997, AJ, 113, 1711 
Cohen, J. G., Briley, M. M., & Stetson, P. B. 2002, AJ, 123, 2525 
Cottrell, P. L., & Da Costa, G. S. 1981, ApJ, 245, L79 
de Mink, S. E., Pols, O. R., Langer, N., & Izzard, R. G. 2009, 

A&A, 507, LI 

Decressin, T., Meynet, G., Charbonnel, C, Prantzos, N., & 

Ekstrom, S. 2007, A&A, 464, 1029 
Denissenkov, P. A. 2010, ApJ, 723, 563 

Denissenkov, P. A., Pinsonneault, M., & MacGregor, K. B. 2009, 

ApJ, 696, 1823 
D'Orazi, V., & Marino, A. F. 2010, ApJ, 716, L166 
Eggleton, P. P., Dearborn, D. S. P., & Lattanzio, J. C. 2006, 

Science, 314, 1580 
— . 2008, ApJ, 677, 581 

Fitzpatrick, M. J., & Sneden, C. 1987, in Bulletin of the 

American Astronomical Society, Vol. 19, Bulletin of the 

American Astronomical Society, 1129 — h 
Frebel, A., Christlieb, N., Norris, J. E., Thorn, C, Beers, T. C, & 

Rhee, J. 2007, ApJ, 660, L117 
Fuhr, J. R., & Wiese, W. L. 2006, Journal of Physical and 

Chemical Reference Data, 35, 1669 
Gratton, R. G., ct al. 2001, A&A, 369, 87 
Gratton, R. G., Carretta, E., Eriksson, K., & Gustafsson, B. 

1999, A&A, 350, 955 
Gratton, R. G., Sneden, C, Carretta, E., & Bragaglia, A. 2000, 

A&A, 354, 169 

Griest, K., Whitmore, J. B., Wolfe, A. M., Prochaska, J. X., 
Howk, J. C, & Marcy, G. W. 2010, ApJ, 708, 158 

Gustafsson, B., Edvardsson, B., Eriksson, K., j0rgensen, U. G., 
Nordlund, A., & Plez, B. 2008, A&A, 486, 951 

Harris, W. E. 1996, AJ, 112, 1487 

Hesser, J. E., Hartwick, F. D. A., & McClure, R. D. 1977, ApJS, 
33, 471 

Hoppe, P., Annen, P., Strebel, R., Eberhardt, P., Gallino, R., 
Lugaro, M., Amari, S., & Lewis, R. S. 1997, ApJ, 487, L101+ 

Houdashelt, M. L., Bell, R. A., & Sweigart, A. V. 2000, AJ, 119, 
1448 



Ivans, I. I., Kraft, R. P., Sneden, C, Smith, G. H., Rich, R. M., & 

Shctrone, M. 2001, AJ, 122, 1438 
Ivans, I. I., Simmerer, J., Sneden, C, Lawler, J. E., Cowan, J. J., 

Gallino, R., & Bisterzo, S. 2006, ApJ, 645, 613 
Ivans, I. I., Sncdcn, C, James, C. R., Preston, G. W., Fulbright, 

J. P., Hoflich, P. A., Carney, B. W., & Wheeler, J. C. 2003, 

ApJ, 592, 906 

Ivans, I. I., Sneden, C, Kraft, R. P., Suntzeff, N. B., Smith, 
V. V., Langer, G. E., & Fulbright, J. P. 1999, AJ, 118, 1273 

Johnson, J. A. 2002, ApJS, 139, 219 

Johnson, J. A., & Bolte, M. 2001, ApJ, 554, 888 

Kaluzny, J., Olcch, A., Thompson, I., Pych, W., Krzeminski, W., 
& Schwarzenberg-Czerny, A. 2000, A&AS, 143, 215 

Karakas, A. I., Campbell, S. W., & Stancliffe, R. J. 2010, ApJ, 
713, 374 

Keller, L. D., Pilachowski, C. A., & Sneden, C. 2001, AJ, 122, 
2554 

Kippenhahn, R., Ruschcnplatt, G., & Thomas, H. 1980, A&A, 91, 
175 

Kirby, E. N., Guhathakurta, P., Bolte, M., Sneden, C, & Geha, 

M. C. 2009, ApJ, 705, 328 
Koch, A., & McWilliam, A. 2008, AJ, 135, 1551 
— . 2010, AJ, 139, 2289 

Korn, A. J., Grundahl, F., Richard, O., Mashonkina, L., Barklcm, 
P. S., Collet, R., Gustafsson, B., & Piskunov, N. 2007, ApJ, 
671, 402 

Kraft, R. P. 1994, PASP, 106, 553 

Kraft, R. P., & Ivans, I. I. 2003, PASP, 115, 143 

Kratz, K.-L., Farouqi, K., Pfeiffcr, B., Truran, J. W., Sneden, C, 

& Cowan, J. J. 2007, ApJ, 662, 39 
Kurucz, R. 1993, ATLAS9 Stellar Atmosphere Programs and 2 

km/s grid. Kurucz CD-ROM No. 13. Cambridge, Mass.: 

Smithsonian Astrophysical Observatory, 1993., 13 
Kurucz, R. L., & Bell, B. 1995, Atomic line list (Kurucz 

CD-ROM, Cambridge, MA: Smithsonian Astrophysical 

Observatory, — cl995, April 15, 1995) 
Lai, D. K., Bolte, M., Johnson, J. A., Lucatcllo, S., Heger, A., & 

Woosley, S. E. 2008, ApJ, 681, 1524 
Lambert, D. L., Gustafsson, B., Eriksson, K., & Hinklc, K. H. 

1986, ApJS, 62, 373 
Langer, G. E., Kraft, R. P., & Friel, E. D. 1985, PASP, 97, 373 
Lattanzio, J., Karakas, A., Campbell, S., Elliott, L., & Chieffi, A. 

2004, Mem. Soc. Astron. Italiana, 75, 322 
Lawler, J. E., Bonvallct, G., & Sncdcn, C. 2001a, ApJ, 556, 452 
Lawler, J. E., Wickliffe, M. E., den Hartog, E. A., & Sneden, C. 

2001b, ApJ, 563, 1075 
Lebzelter, T., Lederer, M. T., Cristallo, S., Hinkle, K. H., 

Straniero, O., & Aringer, B. 2008, A&A, 486, 511 
Lee, J., Kang, Y., Lee, J., & Lee, Y. 2009, Nature, 462, 480 
Ljung, G., Nilsson, H., Asplund, M., & Johansson, S. 2006, A&A, 

456, 1181 

Lodders, K., Plame, H., & Gail, H. 2009, in Landolt-Bornstein - 

Group VI Astronomy and Astrophysics Numerical Data and 

Functional Relationships in Science and Technology Volume 

4B: Solar System. Edited by J.E. Trumpcr, 2009, 4.4., 44-+ 
Lucatello, S., Gratton, R., Cohen, J. G., Beers, T. C, Christlieb, 

N., Carretta, E., & Ramirez, S. 2003, AJ, 125, 875 
Mashonkina, L. I., Shimanskii, V. V., & Sakhibullin, N. A. 2000, 

Astronomy Reports, 44, 790 
Masseron, T., et al. 2006, A&A, 455, 1059 
McWilliam, A. 1998, AJ, 115, 1640 
Meissner, F., & Weiss, A. 2006, A&A, 456, 1085 
Milam, S. N., Woolf, N. J., & Ziurys, L. M. 2009, ApJ, 690, 837 
Mucciarclli, A., Origlia, L., Ferraro, F. R., & Pancino, E. 2009, 

ApJ, 695, L134 
Nilsson, H., Ljung, G., Lundberg, H., & Nielsen, K. E. 2006, 

A&A, 445, 1165 
Nilsson, H., Zhang, Z. G., Lundberg, H., Johansson, S., & 

Nordstrom, B. 2002, A&A, 382, 368 
Norris, J., Cottrell, P. L., Freeman, K. C, & Da Costa, G. S. 

1981, ApJ, 244, 205 
Norris, J., & Smith, G. H. 1983, ApJ, 272, 635 
Osborn, W. 1971, The Observatory, 91, 223 
Pavlenko, Y. V., Jones, H. R. A., & Longmore, A. J. 2003, 

MNRAS, 345, 311 



11 



Pignatari, M., Gallino, R., Heil, M., Wiescher, M., Kappeler, F., 

Herwig, P., & Bisterzo, S. 2010, ApJ, 710, 1557 
Pike, C. D. 1978, MNRAS, 183, 101 
Qian, Y., & Wasserburg, G. J. 2008, ApJ, 687, 272 
Ralchenko, Y., Kramida, A. E., Reader, J., & NIST ASD Team. 

2008, NIST Atomic Spectra D atabase (v. 3.1.5), 

http : //physics . nist . gov/asd3 
Ramirez, I., & Melendez, J. 2005, ApJ, 626, 465 
Ramirez, S. V., & Cohen, J. G. 2003, AJ, 125, 224 
Recio-Blanco, A., & de Laverny, P. 2007, A&A, 461, L13 
Sandquist, E. L., & Bolte, M. 2004, ApJ, 611, 323 
Sandquist, E. L., Bolte, M., Stetson, P. B., & Hesser, J. E. 1996, 

ApJ, 470, 910 

Scholz, R., Odenkirchen, M., Hirte, S., Irwin, M. J., Borngen, F., 

& Ziener, R. 1996, MNRAS, 278, 251 
Shetrone, M. D. 2003, ApJ, 585, L45 
Shi, J. R., Gehren, T., & Zhao, G. 2004, A&A, 423, 683 
Simmerer, J., Sneden, C, Cowan, J. J., Collier, J., Woolf, V. M., 

& Lawler, J. E. 2004, ApJ, 617, 1091 
Simoda, M., & Tanikawa, K. 1970, PASJ, 22, 143 
Skrutskie, M. F., et al. 2006, AJ, 131, 1163 
Smith, G. H., & Martell, S. L. 2003, PASP, 115, 1211 
Smith, G. H., & Norris, J. E. 1993, AJ, 105, 173 
Smith, G. H., Shetrone, M. D., Briley, M. M., Churchill, C. W., 

& Bell, R. A. 1997, PASP, 109, 236 
Sneden, C, Cowan, J. J., & Gallino, R. 2008, ARA&A, 46, 241 
Sneden, C, et al. 2003, ApJ, 591, 936 

Sneden, C, Ivans, I. I., & Kraft, R. P. 2000, Memorie della 
Societa Astronomica Italiana, 71, 657 



Sneden, C, Kraft, R. P., Prosser, C. F., & Langer, G. E. 1992, 
AJ, 104, 2121 

Sneden, C, Kraft, R. P., Shetrone, M. D., Smith, G. H., Langer, 

G. E., & Prosser, C. F. 1997, AJ, 114, 1964 
Sneden, C. A. 1973, PhD thesis, AA(THE UNIVERSITY OF 

TEXAS AT AUSTIN.) 
Sobeck, J. S., Ivans, I. I., Simmerer, J. A., Sneden, C, Hoeflich, 

P., Fulbright, J. P., & Kraft, R. P. 2006, AJ, 131, 2949 
Sobeck, J. S., Lawler, J. E., & Sneden, C. 2007, ApJ, 667, 1267 
Stancliffe, R. J. 2010, MNRAS, 403, 505 
Thevenin, F., & Idiart, T. P. 1999, ApJ, 521, 753 
Travaglio, C, Gallino, R., Arnone, E., Cowan, J., Jordan, F., & 

Sneden, C. 2004, ApJ, 601, 864 
Ventura, P., & D'Antona, F. 2009, A&A, 499, 835 
Vogt, S. S., et al. 1994, in Presented at the Society of 

Photo-Optical Instrumentation Engineers (SPIE) Conference, 

Vol. 2198, Proc. SPIE Instrumentation in Astronomy VIII, 

David L. Crawford; Eric R. Craine; Eds., Volume 2198, p. 362, 

ed. D. L. Crawford & E. R. Craine, 362-+ 
Westin, J., Sneden, C, Gustafsson, B., & Cowan, J. J. 2000, ApJ, 

530, 783 

Yong, D., Karakas, A. I., Lambert, D. L., Chieffi, A., & Limongi, 

M. 2008a, ApJ, 689, 1031 
Yong, D., Lambert, D. L., Paulson, D. B., & Carney, B. W. 

2008b, ApJ, 673, 854 
Zinn, R. 1977, ApJ, 218, 96 



12 



10.5 
11.0 
11.5 
12.0 
12.5 
13.0 
13.5 
14.0 
14.5 



(a) 



(b) 



t — i — | — i — i — i — i — | — i — i — i — i — | — i — i — i — i — | — i — i — i — i — | — i — r 



R21 





A93§ 



HB13^ u W * 



_l I I I I I I I I I I I I I I I I I I I I 



1.0 1.5 



2.0 
B-I 



2.5 3.0 



12.0 
12.5 
13.0 
13.5 
14.0 
14.5 
15.0 



t 1 1 1 1 1 1 1 1 1 1 1 1 1 r~ 




r?B13 

HB43^ JF D 
HB8 a d? J|LR394 
• JR431 
*I-65 

_l I I I I I I I I l_ 



0.5 



1.0 
B-V 



1.5 



Figure 1. CMD of M5 in two different colors: (a) B — I and (b) B — V . The circles correspond to AGB stars, the triangles to HB stars, 
and the squares to RGB stars. The stars included in our HIRES observational sample are plotted with the filled star symbols. 





60 
40 


: Offset = -2.62 
: u = 6.07 
: 236 lines 








20 






>^ *>° 


< 




-20 






#<^°-^- 




-40 
-60 






(a) ] 




60 
40 


■ i — i — i — i — i — i — i — i — i — h 
: Offset = -7.92 
: a = 9.42 
r 32 lines 




— i — i — i — i — i — i — i — i — i - 


e 

< 


20 


-20 




o _ 
o 


O : 




-40 
-60 






(b) ] 



50 100 150 200 

EW this study (mA) 
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Figure 3. Our measurements of [Fe I/H] (solid symbols) and [Fe Il/H] (hollow symbols) vs. effective temperature and surface gravity. 
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Figure 5. Our values of [Ca/Fe] plotted against log g and T c ff . There is an offset in [Ca/Fe] of ~ 0.08 dex between the AGB and RGB 
stars. 
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Figure 6. Our values of [V/Fe] plotted against log g and T c g. Like with [Ca/Fe], there is an offset between the AGB and RGB stars, 
but in this case it is 0.15 dex. 
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Figure 7. Our values of [Mg/Fe] plotted against log g and T c fj. Within the errors, all of the stars are consistent with a constant [Mg/Fe] 
value of 0.34. 
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Figure 8. [C/Fe], [N/Fe], [O/Fe], and 12 C/ 13 C vs. surface gravity for stars in our M5 sample. There does appear to be some variation of 
the derived [C/Fe] abundance ratios. However with the large uncertainties, all but one of our stars is consistent with having [C/Fe]~ —0.2. 
Among the AGB stars there is a notable variation in [N/Fe]. The comparison between the RGB stars and AGB stars for [N/Fc] in our 
sample is hindered by the small number of the former, and possible systematic differences in the atmospheres of these two evolutionary 
groups. [O/Fe] shows star-to-star variations, although not as large as with [N/Fe]. For the 12 C/ 13 C plot, the filled symbols represent stars 
with [Na/Fe]> 0.15, while the hollow symbols represent stars with [Na/Fe]< 0.15. While only able to measure the 12 ratio for a handful 
of stars, we find that the results are all consistent with a value of ~ 5. The error bars on all of the measurement are ±2. In particular, 
we find the same 12 ratio in the RGB stars as in the AGB stars of our sample and that there is no difference in values in the Na-high vs. 
Na-low stars. 
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Figure 9. Relative behavior of the CNO abundances among the M5 sample. At least among the AGB stars, there appears a clear C— O 
correlation and C— N anticorrelation, although evidence for an O— N anticorrelation appears less secure. Such trends are signatures of the 
CNO cycle having affected the abundances of these stars. 
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Figure 10. [C+N+O/Fe] values are consistent with being constant for the stars in which it could be measured. The average for these 
stars is <[C + N + O/Fe]) = 0.37. 



21 




Figure 11. We show our [C/Fe], [N/Fe], and [C/N] distribution as compared to the st udy of lCohen et~aTI $200% ) for the same quantities. 
The filled histograms represent this work, and the empty histograms Cohen ct al. (2002). For [C/Fe] we choose a binning of 0.2 dex, while 
the binning is 0.3 dex for [N/Fe] and [C/N] due to the larger distribution of values in these latter two quantities. 
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Figure 12. CNO abundances are shown plotted vs. [Na/Fe] and [Al/Fe]. Our data are consistent with an O— Na and C— Na anticorrelation 
among the AGB stars, but inconclusive for the RGB and RHB stars. However, there is a reasonably strong N— Na correlation, with the 
caution that the data for the two RGB stars may be systematically offset from that for the AGB stars. Similar (anti)corrclations are 
apparent for O— Al, C— Al, and N— Al. We note that for two of our stars, HB434 and HB8, [Al/Fe] could only be derived from using the Al 
resonance lines at 3944 and 3962 A. For these two stars, an NLTE correction is adopted from Baumucllcr & Gchrcn (1993) °f +0.65 dex. 
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Figure 13. [Na/Fc] and [Al/Fe] abundances, shown here plotted vs. surface gravity, show no discernible trend with evolutionary state 
or atmospheric parameters. 
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Figure 14. Relative behavior of both Mg and Na vs. Al abundance for the M5 sample. Two points at [Al/Fe] = —0.1 and +0.7 drive 
the possible appearance of an Mg— Al anticorrelation, but the Na— Al correlation is clear, with little or no offset among stars in different 
evolutionary states. For two of our stars, HB434 and HB8, [Al/Fe] could only be derived from using the Al resonance lines at 3944 and 
3962 A. For these two stars, an NLTE correction is adopted from Baumucllcr & Gchrcn ( 1997) of +0.65 dex. 
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Figure 15. Na— Al correlation from this study is compared to those found by llvans et al.1 (2001ft and [Carrctta ct al. ( 2009 3). Th e solid 
line in each plot i s the best-fit line to our Na— Al measurements, and matches fairly well the data points of lCarretta et al.1 112009b] ). The 
Ivans et al.l 120011 ) data lie below our best-fit line; however , this can be almos t completely accounted for by different adopted gf values for 
the measured Al transitions. Assuming the gf values from Ivans ct al. (2001) would reduce our Al abundances by ~ 0.24 dcx. Shifting our 
best-fit line by this amount gives the dotted line, which agrees very well with the trend seen in the Ivans ct al. (2001) data. 
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Figure 16. (a) Plotted are the measured neutron-capture e lement abundan c es vs . at omic number for all st ars in our M5 sample. 
We overplot the solar sytem r-process abundance patterns from Arlandini et al. (1999) and Simmercr et al.l (12001 ), scaled to our average 
loge(Eu) value of —0.47 (A = 63). The Zr abundances represent both Zr I and Zr II. When both ionization states of Zr are measured in a 
star, the average of the two is plotted in this figure. The hollow triangles, hollow squares, and hollow circles correspond to RGB, HB, and 
AGB stars (red, blue, and black in the electronic edition), respectively, (b) This panel plots the average for each abundance measurement 
(solid circles). The error bars represe nt the stand a rd dev iatio n of the mea sured abundances. Also plotted are the average neutron-capture 
abundances from M4 as measured by Yong ct al. (2008a) and Yong ct al. (2008b), scaled to the average loge(Eu) we measure for our M5 
sample. 
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Figure 17. Heavy element to Eu ratios X/Eu] measured for the M5 stars in our sample vs. surface gravity. The r-process origin of the 
neutron-capture elements we measu re is evident when we c ompare to the solar system r-process (dashed lines) and solar system s-process 
(dotted lines) ratios as derived from Simmcrcr ct al. (2004). The symbols are as in Figure[5l i.e., triangles, squares, and circles correspond 
to RGB, HB, and AGB star s, respectively. A typical error bar is shown in the top left corner of each plot. The average values of [X/Eu] 
and a are given in Table [T2l 
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Figure 18. Heavy element to Eu ratios [X/Eu] measured for the M5 stars in our sam ple vs. [Na/Fe]. A typical error bar is shown in 
the top left corner of each plot. The lack of correlation with evolution shown in Figure fl7l persists when compared to the light-element 
variations such as [Na/Fe], 
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Table 1 

Observation Details 



Name 


Alt. 


V 


B — V 


Observing 


Total 


S/N at 


Evolutionary 




Name 


(mag) 


(mag) 


Run 


Exp. (s) 


6035 A 


State 


A A 

A9 




12.45 


1.26 


2007 


Jun 


1200 


142 


AGB 


A ^ i 

All 


IV-59 


12.66 


1.28 


2007 


Jun 


1980 


123 


AGB 


A21 


11-258 


13.10 


1.13 


2007 


Jun 


1800 


131 


A Tt 
ACjU 


A25 




13.34 


0.99 


2007 


Jun 


2100 


115 


AGB 


A43 




13.64 


0.96 


2007 


Jun 


2700 


135 


AGB 


A65 


1-67 


13.96 


0.82 


2007 


Jun 


3600 


104 


AGB 


A93 




14.23 


0.79 


2007 


Jun 


5400 


132 


AGB 


HB13 




14.51 


0.90 


2007 


Jun 


5760 


125 


AGB 


HB434 




14.99 


0.60 


2007 


Jun 


7200 


113 


HB 


HB8 




15.08 


0.47 


2007 


Jun 


7200 


100 


HB 


R9 




12.26 


1.60 


2007 


Jun 


900 


115 


RGB 


R21 




12.53 


1.41 


2007 


Jun 


1800 


147 


RGB 


R90 


IV-74 


13.49 


1.10 


2000 


Jun 


1800 


78 


RGB 


R100 


1-25 


13.58 


1.07 


2000 


Jun 


1800 


105 


RGB 


R394 


11-16 


14.99 


0.86 


2000 


Jun 


7200 


121 


RGB 


R431 


IV-24 


15.09 


0.85 


2000 


Jun 


5400 


96 


RGB 


1-65 




15.19 


0.82 


2000 


Jun 


7200 


116 


RGB 



Table 2 

Atomic Parameters and Equivalent Widths 



Wavelength 


Element 


log gf 


EP 


Ref. 


A9 


All 


A21 


A25 


6300.30 


8.0 


-9.78 


0.00 


1 






51.8 




6363.78 


8.0 


-10.30 


0.02 


1 


18.8 


20.6 


18.9 




7771.94 


8.0 


0.37 


9.15 


1 




14.2 


19.5 


17.9 


7774.17 


8.0 


0.22 


9.15 


1 


8.5 


12.5 


14.9 


18.0 


7775.39 


8.0 


0.00 


9.15 


1 




6.0 


8.9 


11.6 


5682.65 


11.0 


-0.70 


2.10 


2 


78.40 


68.40 


33.60 


32.00 



References. — ( 1) iRami'rez fc Cohenll20q3l : ( 2)llvans et all [20061: (3) 
Ralchenko et al.ll2008l : (4) Aldcnius ct al. 2007; (5) Sncdcn ct al. 2003; (6) 
Sobeck et al. 2007; (7) Nilss on et alJ [2006] ; (8) IFuhr fc W icsc 2006j; (9) 
Kurucz fc BelWl995l ; (lO) ILiung eFaUllioll (ll) lYong et al.H2008al 

Note. — Table [2] is published in its entirety in the electronic edition. 
A portion is shown here for guidance regarding its form and content. 



Table 3 

Stellar Parameters and Radial Velocities 



Name 




log a 


vt 


[A/H] 


Radial 




(K) 




(km s" 1 ) 




Velocity (km s _1 ) 


A9 


4236 


0.61 


2.28 


-1.50 


50.5 


All 


4209 


0.69 


2.23 


-1.50 


60.0 


A21 


4381 


1.05 


1.82 


-1.50 


47.4 


A25 


4584 


1.30 


1.88 


-1.50 


52.5 


A43 


4630 


1.44 


1.85 


-1.50 


53.3 


A65 


4893 


1.71 


1.95 


-1.50 


54.9 


A93 


4961 


1.84 


1.87 


-1.50 


48.7 


HB13 


4740 


1.82 


1.35 


-1.50 


48.9 


HB434 


5400 


2.36 


2.06 


-1.50 


58.8 


HB8 


6100 


2.63 


3.38 


-1.60 


51.5 


R9 


4000 


0.50 


1.86 


-1.35 


54.7 


R21 


4100 


0.66 


1.81 


-1.35 


52.2 


R90 


4475 


1.30 


1.55 


-1.40 


57.2 


R100 


4525 


1.46 


1.55 


-1.40 


58.1 


R394 


4818 


2.15 


1.27 


-1.40 


51.7 


R431 


4845 


2.20 


1.24 


-1.35 


47.9 


1-65 


4860 


2.25 


1.20 


-1.30 


58.5 
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Table 4 

Abundance Ratios [Fe/H] Through [O/Fe] 



Star ID 


[Fe/H] 




N 


[Fell/H] 


N 


loge(Li) 


N 


12 C /13 C 


N 


[C/Fe] 


N 


[N/Fe] 


N 


[O/Fe] 


N 


All 


-1.56 ±0 


11 


200 


-1.47 ±0.09 


12 







5.00 ±2.00 


2 


0.14 ±0.33 


1 


1.16 ± 0.42 


1 


0.49 ± 0.08 


4 


A21 


-1.53 ±0 


11 


208 


-1.45 ±0.08 


19 







4.50 ± 2.00 


2 


-0.17 ±0.33 


1 


0.43 ± 0.36 


1 


0.47 ±0.03 


5 


A25 


-1.50 ±0 


11 


203 


-1.46 ±0.12 


17 







5.00 ± 2.00 


2 


-0.27 ±0.17 


1 


0.35 ± 0.23 


1 


0.31 ±0.11 


3 


A43 


-1.56 ±0 


11 


228 


-1.43 ±0.11 


26 







6.00 ± 2.00 


2 


-0.04 ±0.17 


2 


0.31 ±0.23 


1 


0.56 ±0.12 


4 


A65 


-1.66 ±0 


11 


144 


-1.43 ±0.11 


19 












-0.79 ±0.17 


2 


1.36 ±0.23 


1 


0.02 ±0.19 


2 


A9 


— 1.49 ± 


11 


200 


— 1 49 + 09 


12 




o 


6 00 + 2 00 


1 


—0 51 + 30 


2 


99 + 36 


1 


0.28 ± 0.11 


2 


A93 


-1.59 ±0 


11 


176 


-1.48 ±0.11 


25 







5.00 ± 2.00 


1 


-0.41 ±0.17 


2 


0.89 ±0.23 


1 


0.30 ±0.10 


4 


HB13 


-1.37 ±0 


11 


222 


-1.47 ±0.11 


24 












-0.25 ±0.22 


1 


0.57 ± 0.23 


1 


0.16 ±0.11 


3 


HB434 


-1.82 ±0 


10 


150 


-1.53 ±0.08 


23 












-0.18 ±0.31 


1 


< 0.92 


1 


0.72 ±0.16 


3 


HB8 


-1.77 ±0 


10 


83 


-1.60 ±0.08 


13 












< 0.50 


1 


< 1.70 


1 


0.58 ±0.12 


3 


R21 


-1.30 ±0 


11 


215 


-1.32 ±0.09 


14 







7.00 ± 2.00 


1 


-0.17 ±0.33 


1 


-0.05 ±0.36 


1 


0.29 ±0.06 


5 


R9 


-1.38 ±0 


11 


192 


-1.34 ±0.09 


11 







6.00 ± 2.00 


1 


-0.34 ±0.33 


1 


0.33 ± 0.42 


1 


-0.05 ±0.15 


1 


R100 


-1.40 ±0 


11 


170 


-1.36 ±0.12 


8 






















0.25 ±0.16 


1 


R394 


-1.51 ±0 


11 


147 


-1.35 ±0.13 


8 


0.76 ±0.21 


1 

















0.14 ±0.16 


1 


R431 


-1.46 ±0 


11 


144 


-1.30 ±0.12 


7 


0.96 ±0.21 


1 

















0.10 ±0.16 


1 


R90 


-1.38 ±0 


11 


164 


-1.45 ±0.09 


7 



























1-65 


-1.40 ±0 


11 


136 


-1.22 ±0.12 


8 


0.73 ±0.21 


1 























Table 5 

Abundance Ratios [Na/Fe] Through [Ti I/Fe] 



Star Id 


[Na/Fc] 


N 


[Mg/Fe] 


N 


[Al/Fe] 


N 


[Si/Fc] 


N 


[Ca/Fc] 


N 


[ScII/Fe] 


N 


[Til/Fe] 


N 


All 


0.26 ±0.06 


5 


0.42 ± 0.05 


5 


0.10 ± 0.12 


2 


0.48 ±0.11 


13 


0.15 ±0.05 


13 


0.04 ±0.07 


6 


0.09 ± 0.07 


46 


A21 


-0.08 ±0.10 


3 


0.34 ± 0.06 


5 


-0.04 ±0.12 


2 


0.40 ±0.11 


15 


0.23 ± 0.05 


14 


0.08 ± 0.07 


7 


0.08 ± 0.07 


48 


A25 


-0.01 ±0.06 


5 


0.31 ±0.05 


6 


0.06 ± 0.13 


2 


0.39 ±0.08 


15 


0.23 ± 0.05 


17 


0.13 ± 0.06 


9 


0.17 ±0.06 


38 


A43 


-0.04 ± 0.09 


4 


0.32 ± 0.05 


6 


-0.12 ±0.17 


1 


0.43 ±0.09 


16 


0.25 ± 0.04 


16 


0.08 ± 0.06 


10 


0.17 ±0.06 


43 


A65 


0.49 ± 0.06 


5 


0.21 ±0.07 


5 


0.70 ±0.13 


2 


0.51 ±0.09 


13 


0.33 ±0.04 


16 


0.10 ±0.05 


9 


0.13 ±0.07 


19 


A9 


0.29 ±0.10 


3 


0.30 ± 0.09 


6 


0.30 ±0.12 


2 


0.39 ±0.12 


14 


0.18 ±0.06 


10 


0.13 ± 0.08 


7 


0.17 ±0.07 


41 


A93 


0.35 ± 0.09 


4 


0.32 ± 0.05 


7 


0.18 ± 0.17 


1 


0.44 ±0.09 


14 


0.26 ± 0.04 


18 


0.15 ± 0.05 


10 


0.18 ±0.06 


29 


HB13 


0.11 ±0.07 


6 


0.25 ±0.06 


6 


0.18 ± 0.13 


2 


0.30 ±0.08 


16 


0.31 ± 0.04 


19 


0.28 ± 0.05 


10 


0.21 ± 0.06 


50 


HB434 


0.22 ±0.12 


4 


0.35 ±0.05 


7 


0.10 ±0.16 


2 


0.61 ±0.11 


3 


0.36 ± 0.05 


18 


0.07 ± 0.07 


9 


0.25 ± 0.03 


20 


HB8 


0.47 ±0.11 


2 


0.44 ± 0.07 


6 


0.29 ±0.16 


1 


0.32 ±0.12 


2 


0.32 ± 0.04 


12 


0.23 ± 0.07 


5 


0.31 ± 0.09 


3 


R21 


0.00 ± 0.06 


5 


0.32 ± 0.06 


5 


-0.11 ± 0.12 


2 


0.29 ±0.11 


15 


0.25 ± 0.05 


14 


0.21 ±0.06 


6 


0.26 ± 0.07 


48 


R9 


0.50 ±0.10 


3 


0.32 ± 0.05 


5 


0.57 ±0.12 


2 


0.42 ±0.12 


14 


0.24 ± 0.06 


13 


0.16 ±0.06 


5 


0.19 ± 0.07 


42 


R100 


0.25 ±0.07 


5 


0.37 ±0.16 


1 


0.17 ±0.13 


2 


0.38 ±0.09 


15 


0.35 ± 0.04 


17 


0.23 ± 0.05 


7 


0.23 ± 0.07 


25 


R394 


-0.17 ±0.10 


3 


0.35 ±0.16 


1 







0.34 ±0.09 


18 


0.35 ± 0.04 


18 


0.12 ±0.05 


7 


0.24 ± 0.07 


12 


R431 


-0.04 ± 0.09 


4 


0.54 ±0.16 


1 


-0.07 ±0.17 


1 


0.39 ±0.09 


16 


0.37 ±0.04 


18 


0.10 ±0.05 


7 


0.23 ± 0.07 


15 


R90 


0.37 ±0.12 


3 


0.34 ±0.16 


1 


0.54 ±0.12 


2 


0.39 ±0.11 


17 


0.35 ± 0.05 


17 


0.32 ± 0.06 


7 


0.18 ±0.07 


24 


1-65 


0.23 ±0.10 


4 


0.32 ±0.16 


1 


0.39 ±0.17 


1 


0.41 ±0.09 


14 


0.36 ±0.04 


18 


0.15 ±0.05 


8 


0.22 ± 0.06 


13 



Table 6 

Abundance Ratios [Till/Fe] Through [Co/Fe] 



Star Id 


[Till/Fe] 


N 


[VI/Fc] 


N 


[VII/Fc 




N 


[CrI/Fc] 


N 


[CrII/Fe] 


N 


[Mn/Fc] 


N 


[Co/Fc] 


N 


All 


0.18 ± 0.07 


6 


-0.22 ±0.11 


12 









-0.14 ±0.06 


24 


0.03 ±0.11 


2 


-0.36 ±0.07 


8 


0.00 ±0.07 


7 


A21 


0.26 ± 0.08 


12 


-0.23 ±0.11 


12 









-0.10 ±0.05 


17 


0.05 ±0.10 


3 


-0.38 ±0.07 


8 


-0.11 ±0.09 


4 


A25 


0.26 ± 0.06 


14 


-0.17 ±0.09 


9 









-0.13 ±0.05 


18 


0.01 ±0.07 


5 


-0.34 ± 0.06 


7 


0.12 ±0.14 


3 


A43 


0.30 ± 0.06 


21 


-0.23 ±0.09 


15 









-0.12 ±0.06 


20 


-0.01 ±0.05 


8 


-0.41 ± 0.05 


9 


-0.02 ±0.11 


5 


A65 


0.33 ± 0.07 


18 


-0.29 ±0.12 


3 









-0.25 ±0.03 


12 


0.01 ±0.08 


4 


-0.43 ±0.06 


5 


-0.02 ±0.16 


1 


A9 


0.24 ± 0.09 


7 


-0.23 ±0.14 


10 









-0.11 ±0.05 


18 


0.02 ±0.16 


1 


-0.33 ±0.08 


8 


0.07 ± 0.08 


6 


A93 


0.35 ± 0.06 


25 


-0.26 ±0.08 


7 









-0.17 ±0.05 


19 


0.02 ± 0.05 


9 


-0.41 ± 0.06 


7 


-0.09 ±0.16 


1 


HB13 


0.39 ± 0.06 


20 


-0.12 ±0.09 


10 









0.02 ± 0.04 


26 


0.14 ±0.06 


6 


-0.34 ± 0.05 


8 


-0.17 ±0.16 


2 


HB434 


0.20 ± 0.05 


32 


-0.17 ±0.11 


2 


-0.05 ±0 


17 


1 


-0.17 ±0.05 


15 


-0.01 ±0.05 


8 


-0.30 ±0.06 


8 


-0.08 ±0.11 


2 


HB8 


0.39 ± 0.05 


24 







0.10 ±0 


17 


1 


-0.04 ±0.07 


7 


0.05 ± 0.08 


6 


-0.45 ± 0.11 


2 


0.03 ±0.16 


1 


R21 


0.40 ± 0.08 


8 


-0.10 ±0.11 


11 









0.00 ±0.05 


33 


0.17 ±0.16 


1 


-0.35 ±0.09 


4 


0.03 ± 0.08 


6 


R9 


0.29 ±0.10 


6 


-0.11 ±0.12 


10 









0.00 ± 0.05 


23 


0.11 ±0.11 


2 


-0.51 ± 0.11 


2 


0.05 ± 0.08 


6 


R100 


0.32 ± 0.09 


4 


0.02 ±0.09 


8 









0.00 ±0.06 


10 


0.03 ±0.15 


1 


-0.38 ± 0.04 


5 


0.01 ±0.11 


2 


R394 


0.21 ±0.10 


3 


-0.11 ±0.08 


8 









-0.05 ±0.06 


7 


-0.06 ±0.15 


1 


-0.43 ±0.08 


4 


-0.11 ±0.16 


1 


R431 


0.27 ±0.10 


3 


-0.11 ±0.11 


4 









-0.02 ±0.05 


8 


-0.14 ±0.15 


1 


-0.41 ±0.08 


4 


0.15 ±0.11 


2 


R90 


0.29 ±0.10 


3 


-0.01 ±0.11 


11 









0.01 ±0.06 


9 


0.08 ±0.16 


1 


-0.37 ±0.09 


4 


0.01 ±0.08 


5 


1-65 


0.32 ± 0.10 


3 


-0.10 ±0.09 


6 









0.03 ±0.07 


7 


-0.08 ±0.15 


1 


-0.49 ± 0.04 


5 


0.17 ±0.16 


1 
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Table 7 

Abundance Ratios [Ni/Fe] Through [Zrll/Fe] 



Star Id 


[Ni/Fc] 


N 


[Zn/Fc] 


N 


[Cu/Fc] 


N 


[SrI/Fc] 


N 


[YII/Fc] 


N 


[Zrl/Fc] 


N 


[Zrll/Fe] 


N 


All 


-0.06 ±0.03 


40 


0.36 ±0.27 


2 


-0.84 ±0.11 


2 







-0.22 ± 0.07 


5 


0.04 ±0.16 


4 


0.31 ±0.18 


2 


A21 


-0.08 ±0.03 


36 


0.16 ±0.19 


2 


-0.87 ± 0.11 


2 


-0.37 ±0.17 


1 


-0.22 ±0.06 


8 


-0.04 ±0.16 


3 


0.38 ±0.11 


3 


A25 


-0.07 ±0.05 


32 


0.05 ±0.15 


2 


-0.87 ± 0.13 


2 


-0.34 ±0.17 


1 


-0.27 ± 0.09 


4 







0.23 ±0.11 


2 


A43 


-0.08 ±0.05 


35 


0.17±0.15 


2 


-0.89 ±0.13 


2 


-0.41 ±0.17 


1 


-0.22 ±0.05 


7 







0.38 ±0.10 


4 


A65 


-0.16 ±0.07 


12 


0.25 ±0.15 


2 


-0.94 ±0.17 


1 







-0.31 ± 0.06 


6 












A9 


— 07 + 03 

v / . \ > t _i \..t . \ i • } 


37 


07 + 22 


1 


— 87 + 1 1 


2 




o 


— 33 + 10 


4 


11+016 




48 + 16 


1 


A93 


-0.07 ±0.05 


21 


0.11 ±0.15 


2 


-0.92 ± 0.13 


2 


-0.47 ±0.17 


1 


-0.26 ±0.05 


5 







0.21 ±0.05 


5 


HB13 


-0.10 ±0.05 


28 


0.15 ±0.14 


3 


-0.83 ±0.13 


2 


-0.41 ±0.17 


1 


-0.09 ±0.05 


6 







0.27 ±0.11 


2 


HB434 


-0.08 ±0.08 


4 


0.18 ±0.12 


2 


-0.88 ±0.16 


1 







-0.29 ±0.07 


5 







0.08 ±0.10 


4 


HB8 


-0.22 ±0.09 


3 







< -0.33 


1 







0.05 ± 0.17 


1 












R21 


-0.09 ±0.03 


44 


0.06 ±0.19 


2 


-0.93 ±0.15 


1 







-0.09 ±0.13 


4 


0.09 ±0.16 


4 







R9 


-0.06 ±0.03 


39 







-0.92 ±0.15 


1 







-0.11 ±0.12 


3 


0.10 ±0.16 


3 







R100 


-0.03 ±0.05 


27 







-0.94 ±0.17 


1 







-0.21 ±0.16 


1 


0.31 ±0.16 


2 







R394 


-0.05 ±0.05 


25 







-1.04 ±0.17 


1 







-0.18 ±0.16 


1 












R431 


-0.04 ±0.05 


23 







-0.94 ±0.17 


1 






















R90 


-0.03 ±0.04 


25 







-0.99 ±0.15 


1 












0.07 ±0.21 


1 







1-65 


0.00 ± 0.05 


21 







-1.05 ± 0.17 


1 























Table 8 

Abundance Ratios [Mo/Fe] Through [PrII/Fe] 



Star ID 


[Mo/Fc 




N 


[Ball/Fc] 


N 


[Lall/Fc] 


N 


[Cell/Fc] 


N 


[PrII/Fc] 


N 


All 


-0.14 ±0 


17 


1 


-0.04 ±0 


17 


3 


-0.22 ±0.12 


4 


-0.16 ±0.10 


5 







A21 


-0.14 ±0 


17 


1 


0.09 ±0 


18 


3 


-0.03 ±0.12 


3 


-0.14 ±0.12 


4 


-0.01 ± 0.16 


1 


A25 









0.09 ±0 


11 


3 


0.04 ±0.10 


3 


-0.03 ±0.12 


4 







A43 









0.00 ± 


11 


3 


-0.07 ±0.09 


4 


-0.22 ±0.11 


7 







A65 









0.06 ± 


11 


3 


-0.12 ±0.10 


3 


-0.18 ±0.12 


4 







A9 


-0.04 ±0 


17 


1 


0.03 ±0 


17 


3 


-0.05 ±0.12 


3 


-0.11 ±0.12 


3 







A93 









0.03 ±0 


10 


4 


0.00 ±0.09 


4 


-0.07 ±0.10 


6 







HB13 


-0.21 ±0 


17 


1 


0.27 ±0 


11 


3 


0.18 ±0.09 


4 


0.04 ±0.10 


7 







HB434 









0.01 ±0 


14 


3 


-0.12 ±0.13 


2 


-0.31 ±0.13 


2 







HB8 









-0.02 ±0 


12 


3 


0.02 ±0.13 


2 












R21 


-0.13 ±0 


17 


1 


0.13 ±0 


17 


3 


0.00 ±0.12 


3 


0.07 ±0.11 


6 


0.30 ±0.16 


1 


R9 


-0.15 ±0 


17 


1 


0.05 ±0 


17 


3 


-0.02 ±0.12 


3 


0.01 ±0.12 


3 


0.34 ±0.16 


1 


R100 


0.06 ±0 


17 


1 


0.17±0 


12 


3 


0.06 ±0.12 


2 












R394 









0.10 ±0 


11 


3 


-0.24 ±0.16 


1 












R431 









0.10 ±0 


11 


3 


0.05 ±0.16 


1 












R90 


-0.05 ±0 


17 


1 


0.31 ±0 


17 


3 


0.09 ±0.17 


1 












1-65 









0.21 ±0 


11 


3 


0.07 ±0.16 


1 













Table 9 

Abundance Ratios [Ndll/Fe] Through [ThII/Fe] 



Star ID 


[Ndll/Fe] 


N 


[SmII/Fc] 


N 


[EuII/Fe] 


N 


[Dyll/Fe] 


N 


[ThII/Fe] 


N 


All 


-0.08 ±0.10 


10 


0.14 ±0.11 


3 


0.37 ±0.17 


1 







0.22 ± 0.22 


1 


A21 


0.10 ±0.10 


8 


0.34 ±0.10 


4 


0.50 ±0.13 


2 












A25 


0.10 ±0.09 


7 


0.31 ±0.12 


4 


0.47 ±0.13 


2 












A43 


-0.03 ±0.10 


15 


0.12 ±0.13 


3 


0.38 ±0.13 


2 


0.32 ± 0.17 


1 







A65 


-0.05 ±0.11 


6 


0.09 ±0.15 


2 


0.33 ±0.12 


3 


0.30 ±0.17 


1 







A9 


0.03 ±0.11 


8 


0.21 ±0.13 


2 


0.47 ±0.13 


2 







0.29 ± 0.22 


1 


A93 


0.08 ±0.10 


9 


0.17 ±0.15 


2 


0.38 ±0.13 


2 


0.43 ± 0.17 


1 







HB13 


0.18 ±0.10 


13 


0.31 ±0.12 


5 


0.52 ±0.13 


2 


0.60 ±0.17 


1 







HB434 


0.01 ±0.13 


2 







0.31 ±0.17 


1 


0.15 ± 0.17 


1 







HB8 












0.55 ±0.17 


1 












R21 


0.12 ±0.11 


8 


0.33 ±0.11 


3 


0.52 ±0.17 


1 







0.31 ± 0.22 


1 


R9 


0.10 ±0.12 


3 


0.29 ±0.17 


1 


0.47 ±0.17 


1 







0.34 ± 0.22 


1 


R100 


0.12 ±0.14 


2 







0.51 ±0.17 


1 












R394 


-0.03 ±0.17 


1 







0.27 ±0.17 


1 












R431 


-0.02 ±0.17 


1 







0.45 ±0.17 


1 












R90 


0.18 ±0.17 


1 







0.55 ±0.17 


1 












1-65 


-0.08 ±0.17 


1 







0.47 ±0.17 


1 
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Table 10 

Average Abundance Values 



Element 


[X/Fe] 
total 


a 
total 


N 
total 


[X/Fe] 
AGB 


a 
AGB 


N 
AGB 


[X/Fe] 
RGB 


£7 

RGB 


N 
RGB 


[X/Fe] 
HB 


(7 

HB 


N 

HB 


Fel 


-1.51 


0.14 


17 


-1.53 





08 


8 


-1.40 





07 


7 


— 1 


80 





04 


2 


Fell 


-1.42 


0.09 


17 


-1.46 





02 


8 


-1.33 





07 


7 


— 1 


57 





05 


2 


C 


-0.27 


0.25 


11 


-0.29 





29 


8 


-0.25 





12 


2 


— 


18 






1 


N 


0.63 


0.45 


10 


0.76 





10 


8 


0.14 





27 


2 















0.31 


0.22 


15 


0.32 





18 


8 


0.15 





13 


5 





65 





10 


2 


Na 


0.19 


0.21 


17 


0.17 





21 


8 


0.16 





24 


7 





31 





18 


2 


Mg 


0.34 


0.07 


17 


0.31 





06 


8 


0.37 





08 


7 





39 





06 


2 


Al 


0.20 


0.25 


16 


0.17 





25 


8 


0.25 





30 


6 





19 





13 


2 


Si 


0.41 


0.08 


17 


0.42 





06 


8 


0.37 





05 


7 





17 





21 


2 


Ca 


0.29 


0.07 


17 


0.24 





06 


8 


0.32 





05 


7 





34 





03 


2 


Sell 


0.15 


0.08 


17 


0.12 





07 


8 


0.18 





08 


7 





15 





11 


2 


Til 


0.19 


0.06 


17 


0.15 





05 


8 


0.22 





03 


7 





28 





04 


2 


Till 


0.29 


0.07 


17 


0.29 





07 


8 


0.30 





06 


7 





29 





13 


2 


VI 


-0.15 


0.09 


16 


-0.22 





05 


8 


-0.07 





06 


7 


— 


17 






1 


VII 


0.03 


0.11 


2 





















03 





11 


2 


CrI 


-0.07 


0.08 


17 


-0.12 





08 


8 


-0.00 





03 


7 


-0 


11 





09 


2 


CrII 


0.02 


0.08 


17 


0.03 





05 


8 


0.02 





11 


7 





02 





04 


2 


Mn 


-0.39 


0.06 


17 


-0.38 





04 


8 


-0.42 





06 


7 


-0 


38 





11 


2 


Co 


0.00 


0.09 


17 


-0.03 





09 


8 


0.04 





09 


7 


— 


02 





08 


2 


Ni 


-0.08 


0.05 


17 


-0.09 





03 


8 


-0.04 





03 


7 


— 


15 





10 


2 


Zn 


0.16 


0.11 


10 


0.17 





12 


8 


0.06 






1 





18 






1 


Cu 


-0.92 


0.06 


16 


-0.88 





04 


8 


-0.97 





05 


7 


-0 


88 






1 


Sr 


-0.40 


0.05 


5 


-0.40 





05 


5 




















YII 


-0.20 


0.10 


1 1 


-0.24 





07 


8 


-0.15 





06 


1 


-0 


12 





24 


2 


Zrl 


0.10 


0.11 


7 


0.04 





08 


3 


0.14 





11 


1 












Zrll 


0.29 


0.12 


8 


0.32 





10 


7 













08 






1 


Mo 


-0.10 


0.08 


8 


-0.13 





07 


4 


-0.07 





10 


4 












Ball 


0.09 


0.10 


17 


0.07 





09 


8 


0.15 





09 


7 


-0 


00 





02 


2 


Lall 


-0.02 


0.11 


17 


-0.03 





12 


8 


0.00 





11 


7 


-0 


05 





10 


2 


Cell 


-0.10 


0.12 


11 


-0.11 





09 


8 


0.04 





04 


2 


-0 


31 






1 


PrII 


0.21 


0.19 


3 


-0.01 






1 


0.32 





03 


2 












Ndll 


0.05 


0.09 


16 


0.04 





09 


8 


0.06 





10 


7 





01 






1 


Smll 


0.23 


0.10 


10 


0.21 





10 


8 


0.31 





03 


2 












EuII 


0.44 


0.09 


17 


0.43 





07 


8 


0.46 





09 


7 





13 





17 


2 


Dyll 


0.36 


0.17 


5 


0.41 





14 


4 













15 






1 


Thll 


0.29 


0.05 


4 


0.25 





05 


2 


0.32 





02 


2 













Table 11 

Comparisons to Previous Studies for All (IV-59) 



Parameter/ 


This 


This 


Ivans et al. (2001) 


Ramirez & Cohen ( 20031 


Abundance 


Study 


Study (MARCS) 








4209 


4209 


4229 


4265 


log g 


0.69 


0.69 


0.79 


1.00 


Vt 


2.23 


2.07 


2.10 


1.94 




Fe I/H] 


-1.56 


-1.60 


-1.40 


-1.40 




Fe II/H] 


-1.47 


-1.46 


-1.25 


-1.35 




O I/Fe] 


0.49 


0.53 


0.37 


0.36 




Na I/Fe] 


0.26 


0.23 


0.13 


0.09 




Mg I/Fe] 


0.42 


0.40 




0.29 




Si I/Fe] 


0.48 


0.50 


0.23 


0.30 




Ca I/Fe] 


0.15 


0.08 


0.21 


0.03 




Sc Il/Fe] 


0.04 


0.04 


-0.19 


0.31 




Ti I/Fe] 


0.09 


-0.01 


0.08 


0.01 




V I/Fe] 


-0.23 


-0.34 


-0.21 


-0.29 




Cr I/Fe] 


-0.14 


-0.17 




-0.25 




Mn I/Fe] 


-0.36 


-0.41 


-0.45* 


-0.52 




Co I/Fe] 


0.00 


-0.01 




-0.13 




Ni I/Fe] 


-0.06 


-0.05 


-0.14 


-0.03 




Cu I/Fe] 


-0.84 


-0.90 




-0.58 




Zn I/Fe] 


0.36 


0.41 




0.44 




Zr I/Fe] 


0.04 


-0.08 




0.00 




Ba Il/Fe] 


-0.04 


-0.03 


0.10 


0.19 




Eu Il/Fe] 


0.37 


0.36 




0.58 



* From Sobcck et al. ( 2006). 



Table 12 

[X/Eu] 



Element 


<[X/Eu]> 


17 


N 


[X/Eu]* 


s.s. r-process 


* 

s.s s-process 




This Study 




Stars 


s.s. r-process 


(%) 


(%) 


Sr 


-0.80 


0.14 


5 


-0.94 


11.0 


89.0 


Y 


-0.63 


0.09 


14 


-0.54 


28.1 


71.9 


Zr 


-0.25 


0.14 


12 


-0.52 


19.1 


80.9 


Mo 


-0.59 


0.09 


8 


-0.48 


32.3 


67.7 


Ba 


-0.35 


0.09 


17 


-0.82 


14.7 


85.3 


La 


-0.46 


0.06 


17 


-0.60 


24.6 


75.4 


Ce 


-0.53 


0.07 


11 


-0.72 


18.6 


81.4 


Pr 


-0.29 


0.20 


3 


-0.28 


50.8 


49.2 


Nd 


-0.39 


0.07 


16 


-0.36 


42.1 


57.9 


Sm 


-0.21 


0.04 


10 


-0.16 


66.9 


33.1 


Dy 


-0.02 


0.10 


5 


-0.04 


87.9 


12.1 


Th 


-0.17 


0.04 


4 


0.02 


100.0 





From Simmcrcr ct al. (2004). 



